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It’s easy to think that as a result of the extinction of the dodo, we are now sadder
and wiser, but there’s a lot of evidence to suggest that we are merely sadder and
better informed.
Douglas Adams
Last Chance to See
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for Jessica, of course
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ABSTRACT
The evolution of feathers was a key innovation for birds. The many functions
that feathers provide have allowed birds to diversify into myriad habitats and styles
of life. However, feathers are lightweight and break down, and must be replaced
regularly in a process known as molt. The patterns and timing with which birds molt
varies within and between species, and these different strategies are likely a
product of the different ways birds use their feathers and the uneven distribution of
resources available for molt in time and space. So far, no studies have attempted to
place these strategies into an evolutionary framework. In my dissertation research, I
used phylogenetic comparative analyses combined with molt, phenotype, ecology,
and spatial data to investigate how and why birds have evolved such a diverse array
of molt strategies. I studied how molt affects the evolution of flightlessness and
seasonal dichromatism in birds, as well as latitudinal gradients in the pace of feather
growth. I found that molt strategies have profound effects on the evolutionary
trajectories of birds. My major findings are that simultaneous wing molt facilitates
and perhaps accelerated the evolution of flightlessness in birds, and that a
secondary molt that evolved to replace worn feathers can serve as a preadaptation
for phenotype alteration. I also found feather growth rate increases with latitude
within bird species. Overall, feathers are integrally important to the biology of birds,
and it makes sense that the patterns and strategies that birds use to replace their
feathers are guided by and influence their evolutionary histories. This dissertation
research provides some of the first evidence into the details of how molt strategies
interact with other aspects of avian evolution.
viii

CHAPTER 1: INTRODUCTION

Feathers are arguably the most multifunctional and capable structure ever
produced by animals. Powered flight has evolved many times in arthropods,
reptiles, mammals, and other animals, but the strength to weight ratio of feathers
has allowed birds to perfect flight in a way that no other animals have. The
thermoregulatory and waterproofing ability of feathers allow birds to live in
extremely hot and cold environments, as well as on land and in the water. Feathers
serve many different signaling functions, and the bright colors of breeding birds, as
well as the camouflaged feathers of others, enraptured and guided the first
ruminations of evolutionary biology in the minds of Darwin and Wallace.
The many functions of feathers, combined with the way that feathers can
change function in both evolutionary time and within a bird’s life, have allowed
birds to inhabit and diversify within all of earth’s environments outside the deep
sea. Indeed, one of the main reasons that bird observation is so popular worldwide
is that birds are often the most conspicuous of the megafauna at any site, from
pristine rainforest, to city parks, to open ocean, to stark desert, to the high arctic.
The different functions of feathers are key to this. In Reserva Buenaventura,
Ecuador, one can watch Club-winged Manakins (Machaeropterus deliciosus)
hammering their wing feathers together to make a mechanical noise to attract
mates, while ten species of hummingbirds glisten and flicker with unidirectional
beams of bright blues, greens, and reds. Potoos hide, undetected in the trees,
perfectly blended with bark colors, and overhead White-collared Swifts use those
1

same feathers to rocket through the sky, easily besting their arthropod quarry. It is
hard to pay attention to birds for very long without marveling at the different
functions of feathers.
Molt is the process birds undergo to replace their feathers. Because feathers
are lightweight, they break down quickly from physical wear and exposure to the
sun’s radiation. Every year, all birds replace their feathers. This is essentially the
only major annual event that all birds undergo. Many individual birds don’t breed
every year, and most birds don’t undergo any sort of migration, but all birds molt.
Despite this, and the importance and diversity of function of feathers, molt has
remained a relatively understudied topic. Here, I will provide an extremely abridged
history of the studies of molt.
In “An Approach to the Study of Molts and Plumages” (1959), Humphrey and
Parkes laid out a naming schematic for molts, which, after 58 years of debate and
modification, continues to form the backbone of how molt is understood. Shortly
after, Erwin and Vesta Stresemann published an extensive work on the molt styles
of birds of the world: “Die Mauser der Vögel” (1966), which remains unsurpassed in
its extent of treatment of molt strategies in the world’s birds. For thirty years, many
publications on molt argued semantics or concentrated on molt patterns in
individual species. In the 1990’s however, a series of guides were published for bird
banders that included extensive and detailed information on using molt to age and
identify birds in Europe and North America. These were two books on the
identification and aging of European birds (Svensson 1992, Jenni and Winkler
1994), and one on North American birds (Pyle 1997), that addressed the molts,
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plumages, and morphology of landbirds of North America in extensive detail, and
that was later followed by a second edition addressing the other non-landbirds
(Pyle 2008). These were followed a decade later by an overall guide to molt patterns
in North American Birds (Howell 2010). The effects of these guides was that, as
bird-banding stations became more popular and widespread in the United States,
bird banders and field biologists had access to plumage and measurement details
from meticulously studied museum collections to use in the field; and many began
to learn molt patterns of various birds to assess the ages of birds in hand and in the
field, which has been especially useful for demographic studies. This, in turn,
inspired some of those biologists to begin asking questions about why different
birds have different strategies for molting their feathers; this has precipitated the
modern era of molt studies, which has begun to expand into the tropics (Wolfe et al.
2010, Johnson and Wolfe 2014) and into the field of evolutionary Biology (Barta
2006, 2008).
In addition to these guides, a few researchers have extensively studied molt
in birds. Sievert Rohwer has published over 40 papers on molt in birds, many
focusing on the ecology and timing of molts in North American birds. Peter Pyle and
Steve N.G. Howell, in addition to publishing the aforementioned guides, have
published many papers on the patterns, extents and timing of molt. Ptilochronology,
a method pioneered by Thomas Grubb (1989), which details how to measure the
growth rates of feathers on birds that are not undergoing molt, has received some
attention, and has been used to various degrees of success to assess the
physiological conditions of birds.

3

In this dissertation, I focus on two main questions concerning molt in birds.
First, why do different species of birds have different strategies for molting their
feathers? And second, what are the effects and consequences of these molt
strategies? The answers to these questions probably lie in the facts that different
birds use their feathers in different ways, and that the resources available to birds
for feather replacement and other events such as breeding and migration vary in
both time and space. To investigate these interactions, I employed phylogenetic and
ecological methods to answer both questions, and most of the data I used was from
study and collection of museum specimens.
My first research chapter is focused on an unusual pattern of molt,
simultaneous molt of the wing feathers. This reduces the duration of the molt
period, but renders the birds flightless while molting. I began with the observation
that many species of flightless birds that have close, flighted relatives are in groups
that undergo simultaneous wing molt as part of their annual cycle. I hypothesized
that because flighted birds undergoing simultaneous molt need to evolve methods
for food acquisition and predator evasion during a flightless molting period, these
adaptations will serve as preadaptations for a flightless lifestyle, and thus flight can
be lost quickly under conditions where flightlessness is favorable. I used recently
available large phylogenies of birds and modern phylogenetic comparative analyses
to test this hypothesis. I found evidence to support the hypothesis that the evolution
of flightlessness is facilitated and accelerated in lineages in which it is preceded by a
simultaneous wing molt.
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In my second research chapter, I focused on how molt interacts with
phenotype change. Many birds can change their phenotype by molting in more
brightly colored feathers within their annual cycle, which is colloquially known as
breeding plumage. I observed that many species in the family Parulidae undergo a
molt before the breeding season that is more extensive over the body and often
occurs without leading to a change in phenotype. I hypothesized that this molt may
have evolved for some reason other than phenotype alteration, and then has been
co-opted to change the birds’ colors. I compiled an extensive database of life history
traits of these birds to test this hypothesis using phylogenetic path analysis and
modern phylogenetic comparative methods. I found evidence to suggest that
feather wear, mainly through increased solar exposure, likely drives the evolution of
this secondary molt, which can then be co-opted for phenotype alteration.
The third chapter of my dissertation focused on the spatial distribution of
feather growth rates. The pace of life history events follows a well-studied
latitudinal gradient, where these events accelerate in pace at higher latitudes. This
gradient is likely due to increased seasonality of resources, as well as increased risk
of adult mortality. Anecdotal evidence suggests that species of birds breeding at
higher latitudes compress their molts, but range-wide variation in the pace of
feather growth rate within species remains largely unstudied. I hypothesized that
feather growth rate would be accelerated at higher latitudes. I tested this hypothesis
by using ptilochronology to measure the rates of feather growth of 1723 museum
specimens of nine species of widespread, resident birds from the Neotropics. I
found a pattern of increased growth rate with latitude in all four species that

5

contained datasets with adequate sample sizes, and proposed two possible
mechanisms for this pattern consistent with life history theory.
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CHAPTER 2: SIMULTANEOUS WING FEATHER MOLT FACILITATES THE
EVOLUTION OF FLIGHTLESSNESS IN BIRDS
INTRODUCTION
Flight is considered a key innovation for birds because it allows for diverse
modes of resource tracking and acquisition (Hunter 1998). Flight facilitates pursuit
of low-density (Pinaud and Weimerskirch 2007) or highly seasonal (Alerstam et al.
2003) resources, or fast (Hedenström et al. 1999) or volant (Fitzpatrick 1980) prey.
Powered flight also provides birds with effective predator escape tactics (van den
Hout et al. 2009). Powered flight evolved in birds at least by the early Cretaceous
(Garner et al. 1999), and most birds exhibit a phenotype that is highly specialized
for powered flight (Dial 2003). The advantages given to birds by powered flight
have allowed them to inhabit almost earth’s entire surface and to radiate prolifically
(Hedenström 2002). The most recent common ancestor of all modern birds was
capable of powered flight (Garner et al. 1999), and all extant non-flighted bird
species have lost flight in their evolutionary history. Birds are so specialized for
powered flight that many of their phenotypic adaptations are physiologically costly
or limiting, which can be considered costs of powered flight.
The many repeated losses of flight in the history of avian evolution have been
hypothesized to be a response to changes in the balance between the advantages
and costs of powered flight (McNab 1994a). The study of flightless birds can
illuminate these costs when selection for flight ability has been relaxed (Lahti et al.
2009). Rapid evolutionary reduction of sternal keel size in flightless birds has been
documented across groups, implying that the massive pectoralis and
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supracoracoideus complex required for avian powered flight is costly (Humphrey
and Livezey 1982, McNab 1994a, Rando et al. 1999). Species undergoing
simultaneous molt have been documented to undergo rapid atrophy and
subsequent hypertrophy of flight muscles during the molting period (Gaunt et al.
1990 Lindström et al. 2000), further suggesting a strong cost to maintenance of
unused flight muscles. Wright et al. (2016) found that reduction of wing length and
pectoralis mass and increase in leg length is universal across families of birds on
islands. Flightless species with reduced pectoralis size (i.e. not wing-propelled
divers) have lower basal metabolic rates when compared to closely related flighted
species (McNab 1994a), which supports an energetic component to the connection
between pectoralis size and loss of flight in birds. Other potential costs to avian
powered flight include the chance of fatality from disorientation during migration
(Carlson et al. 2002, Newton 2007) and limitations on limb proportion (Nee and
Harvey 1998), body mass (Livezey 1989; 2003), and cranial (Gussekloo and Cubo
2013) and pelvic (Cubo and Arthur 2000) morphology. These costs likely contribute
to the many repeated losses of flight in birds, but some lineages appear to lose flight
more prolifically than others. Here, I test the hypothesis that adaptations to a
temporary flightless period during molt provide preadaptations for flightlessness in
lineages that use this strategy for flight feather molt, which facilitates and
accelerates the evolution of flightlessness.
Molt is universal in birds. When feathers are molted, a new feather pushes
the older feather out of its place, and the function of the feather is lost or
compromised during growth of the new feather. The timing and patterns with which
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feathers are replaced is likely the product of tradeoffs between utility and need for
each feather, imposed by life history (Howell 2010), body size (Rohwer et al. 2009),
and energy required for feather synthesis (Lindstrom et al. 1998). Feathers perform
a variety of functions, such as flight, crypsis, thermoregulation, and signaling, and a
bird’s requirements for feathers depend on life history. Most birds rely on flight
throughout their entire annual cycle and molt their feathers sequentially to
maintain flight ability (Stresemann and Stresemann 1966). The rate of sequential
molt represents a tradeoff because flight ability is compromised with increased molt
intensity (Williams et al. 2003), but a low-intensity molt would either require
individual feathers to grow too fast for high quality feather synthesis (Dawson et al.
2000), or molt would overlap with breeding or migration. Empirical studies have
observed that overlap between molt and breeding or migration is costly for many
species of birds (Holmgren et al. 1995, Swaddle and Witter 1997, Hemborg et al.
1998). Furthermore, birds in active molt show a compromised ability to mount an
adrenal response to external pressures (Cyr et al. 2008) because corticosterone
negatively affects feather quality (DesRochers et al. 2009) and must be down
regulated during molt (Romero et al. 2005). Some species of birds have
circumvented the problem of extended molts compromising immunocompetence
and overlapping with other life history events by compressing the molting period
and replacing all wing feathers simultaneously. These species, therefore, lose the
ability to fly during molt.
The origin of simultaneous flight feather molt has not been investigated, and
here I suggest that it arose through heterochrony. Heterochrony has been
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implicated in association with rapid morphological evolution in many groups of
animals (Larson 1980, Fabrezu and Quinzio 2008), because small changes in timing
of developmental events can cause significant changes in adult morphology. All
birds grow flight feathers simultaneously during their first molt, either as nestlings
or precocial fledglings, and the lineages that molt flight feathers simultaneously as
adults can be viewed as simply retaining this character into adult molt cycles. This
results in a temporarily flightless adult that must survive without flying while
molting wing feathers. About 68% of the known flightless birds belong to the 3% of
species exhibiting this molt strategy. Because of the high metabolism of birds, these
species are not capable of fasting through the molting period (Rohwer et al. 2009)
and must forage during molt. Because of the pressures of surviving a flightless
molting period, these lineages have likely developed adaptations to forage and also
minimize predation without flying. I hypothesize that these adaptations facilitate a
transition to permanent flightlessness in selective regimes where costs of flights
outweigh benefits, because lineages with simultaneous molt are already adapted for
life without flight during one phase of the annual cycle.
Flight has been lost in lineages that fall into two broadly different categories.
One consists of birds that have lost flight in the deep past and have no flighted
confamilials. Completely flightless birds in this category are the penguins and
flightless ratites in the families Struthionidae, Rheidae, Dromaiidae, Apterygidae,
Casuariidae, and Spheniscidae. Although Harshman et al. (2008) provided evidence
for multiple losses of flight in the ratite lineages, these losses are ancient, and all the
birds in this group are so adapted to flightlessness that their wing morphology and
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molt patterns are unlike flighted birds. Thus, the role of trait interaction in the loss
of flight in these birds would be difficult to ascertain from contemporary data. These
taxa do not show a sequential or stepwise molt, as in other modern flights birds, but
also do not molt wing feathers simultaneously. These taxa appear to molt wing
feathers without a discernable sequence. To be conservative in the estimate of the
effect of simultaneous molt on flightlessness, I considered the molt state of these
species as non-simultaneous, thus grouping them with birds that have a sequential
or step-wise molt strategies.
The other group of flightless birds consists of families with extant flighted
species. Owing to their recent loss of flight, these birds show general wing
morphology and molt strategies comparable to flighted birds (Livezey 2003, Howell
2010). Most of these species have flighted congeners, and each flightless species in
this category may represent an independent loss of flight (Slikas et al. 2002,
Kirchman 2012). Close relationships between flightless and flighted birds suggests
that flight can be lost extremely quickly in some groups, perhaps within the span of
tens to hundreds of generations (Steadman 1995). Loss of flight has also been found
using fossil data in Pacific island rails (Kirchman 2012) and ducks (Worthy 1988)
over evolutionarily short time spans. Loss of flight has been documented within two
species of ducks (Humphrey and Livezey 1982). The fast transition to flightlessness
in some groups suggests benefits to flightlessness under certain conditions (McNab
1994a) but is restricted to relatively few, unrelated families. Wright et al. (2016)
provided evidence that birds from many families evolve morphologically towards
flightlessness on remote islands, yet there remains a disparity in which lineages are
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fully flightless. Why some lineages tend to evolve flightlessness more rapidly and
frequently than others has perplexed researchers (Nee and Harvey 1998, Cubo and
Arthur 2000). Here, I suggest that flying birds that have an obligate flightless period
caused by a simultaneous molt of flight feathers are then preadapted for
flightlessness, which facilitates a rapid transition to flightlessness in favorable
conditions, such as on islands or lakes free of terrestrial or aquatic predators.
An analytical challenge to the estimation of transition rates of flightlessness in birds
arises from phylogenetic uncertainty in the avian tree of life. New advances in both
phylogenetic sampling and supertree construction have yielded phylogenetic
hypotheses that include a significant majority of bird species on earth (Burleigh et
al. 2015, Jetz et al. 2012), and the development of methods for placing species
without genetic data in phylogenies built with genetic data via Birth-Death
Polytomy Resolvers (hereafter BDPR; Thomas et al. 2013) have allowed for trees to
include almost all extant species of birds. These methods also provide a framework
for incorporating extinct species into molecular phylogenies. However, the avian
tree of life is far from complete. The large phylogenies of species are built with
sparse matrices with relatively few loci, and many nodes remain unresolved. Even
with very large genomic datasets, different studies have recovered conflicting
topologies with very high confidence (Jarvis et al. 2014, McCormack et al. 2013;
Prum et al. 2015). Clearly, the evolutionary relationships between birds are not yet
fully resolved. However, recent advances in phylogenetic comparative methods
allow for analysis over distributions of trees to estimate the effects of phylogenetic
uncertainty on phylogenetic comparative methods, and non-overlapping posterior
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distributions of transition rates from pseudoposterior or bootstrap trees can be
interpreted as results that are robust to phylogenetic uncertainty (Pagel and Meade
2006).
Another major obstacle to analysis of the evolution of flightlessness in birds
is the high rate of extinction that flightless birds have suffered with human
expansion. Excluding ratites and penguins, there are 29 living species of flightless
birds belonging to 5 families, but at least 102 species of flightless birds from 15
families are known from the Holocene and late Pleistocene (Figure 1).
The existence of a separate species of flightless rail on nearly every South
Pacific island with fossil sites led to the hypothesis that hundreds to thousands of
species of flightless rails may have been present on Pacific islands prior to the
spread of Polynesian humans (Steadman 1995). These species, which encompass
the bulk of the known diversity of modern flightless birds, have not been accounted
for in the two prior phylogenetic analyses of the evolution of flightlessness in birds
(McNab 1994a, Nee and Harvey 1998). I incorporated these species into the avian
supertrees using the R package Pastis (Thomas et al. 2013), which uses a BirthDeath Polytomy Resolution (BDPR) method to simulate the placement of species
without genetic data in a phylogeny constructed from genetic data by using
taxonomy to determine placement. Briefly, because pseudo-posterior trees allow
phylogenetic uncertainty to be represented by producing a distribution of trees
where the placement of tips can vary with respect to the statistical confidence
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Anseriformes (18)

Podicipedidae (3)

Gruidae (1)

Rallidae (62)

Alcidae (1)

Megavitiornis altirostris
Columbidae (4)

Leptoptilos robustus

Threskiornithidae (3)

Phalacrocorax harrisi

Upupa antaios

Caracara tellustris

Strigops habroptila

Acanthisittidae (3)

Emberiza alcoveri

Figure 1: Flightless birds from the Holocene and late Pleistocene included in this analysis. Taxa in black undergo
simultaneous wing molt, and taxa in gray do not. Lineages with simultaneous molt are highlighted in black on the
phylogeny, and ~68% of flightless species are in the 3% of birds that show simultaneous wing molt. Families of birds with
multiple flightless species are denoted with numbers in parentheses, and species that are the only flightless species in
their family are written out by name. The 13 flightless ratites and 18 penguins, which do not molt like modern flighted
birds, were included in the analysis but are omitted from this figure for simplicity. Tree from Jetz et al (2012), and bird
silhouettes from phylopic (phylopic.org) or drawn by hand.
14

in the placement of a tip, species are placed randomly within a taxonomic unit (for
example, the genus). This way, a tip is included in the tree in its clade, although the
placement of the tip within the clade has no certainty associated with it. This
facilitates phylogenetic analysis in groups in which a more complete tree is
preferable to a more robust but incomplete tree, and the effect of phylogenetic
uncertainty on downstream analysis is measurable. Using this method, I included 91
extinct flightless species from the Holocene and late Pleistocene in three sets of the
tree sets (Table 1).

Table 1: Summary of number of tips and species included via Birth-Death
Polytomy Resolution (BDPR) in the five tree sets used in the analysis. The
Burleigh and Jetz gene trees include only taxa with genetic data, and the other
three trees include different sets of species included via BDPR, by adding all
extant species, and 128 flightless species from the Holocene and late
Pleistocene, including 118 extinct species, as well as a combination of both of
these sets of species. I estimated the support for a model of dependent
evolution, where the loss of flight is dependent on simultaneous molt, and this
model was decicively favored over a model of independent evolution in all tree
sets. Bayes Factor support for a model of dependent evolution estimated in
BayesTraits. Any Bayes Factor over 10 is considered decisive

Tree
Burleigh
Jetz Gene
Jetz Gene +
extinct flightless
Jetz All
Jetz All + extinct
flightless

Bayes
Species
Factor
without
simultan support for
genetic
Flightless eous
dependent
Species data
species
molt
model
6714
0
44
236
27.8214
6670
0
10
248
473.3226
6881
9993

211
3323

138
47

323
363

1208.611
287.7285

10087

3410

138

437

597.5286
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The method of using BDPR for inclusion of species in trees is not always
preferable, especially when conducting analyses of character evolution. A potential
bias in the estimation of rates of evolution and evolutionary transitions can occur
when BDPR artificially splits shared characters in taxa, and the severity of this bias
depends on the size of the tree, number of tips without data, and the phylogenetic
history of the traits of interest. Rabosky (2015) clarified a potential shortcoming of
estimations of transition rates using trees constructed using a BDPR. Specifically, in
a rare trait with high phylogenetic signal in a large clade, a BDPR will place taxa with
a real synapomorphy as non-sister taxa more often than as sister taxa, which will
produce a result that significantly rejects the true history of the trait. This problem
is markedly less pronounced in small clades. For example, the inclusion of the
extinct and flightless Podilymbus gigas as sister to the only extant member of its
genus, Podilymbus podiceps, will always produce one transition to flightlessness in
the genus. However, in a clade with many taxa, in which one transition has yielded a
synapomorphy between two sister taxa, a phylogenetic comparative analysis will
yield two transitions with very high probability if one of these sister taxa are
included using a BDPR that places it as sister to every species with equal probability.
Usefully, this criticism predicts that an artificially inflated transition rate should be
associated with an artificially deflated phylogenetic signal. Thus, this analysis faced
a potential analytical tradeoff: the exclusion of extinct flightless species from the
analysis may fail to capture the patterns in transition rates to flightlessness, and the
inclusion of these species without genetic data may bias the estimates of transition
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rates and decrease estimations of phylogenetic signal. Because of this potential
tradeoff and the lack of genetic data from most fossils, I estimated the effect of
inclusion of species via BDPR and the exclusion of extinct taxa on results by
analyzing data over five separate phylogenies with and without taxa include via
BDPR, and by comparing model likelihood, transition rates, and phylogenetic signal
of flightlessness across all tree sets. The five tree sets included two separate
phylogenies of all birds with available genetic data, although with slightly different
species compositions because of their separate publication dates (Burleigh 2015,
Jetz et al. 2012). Three other trees were constructed with a BDPR: one tree of all
extant birds (Jetz et al. 2012) . I constructed another tree with BDPR to include only
species with genetic data and 128 flightless birds known from the Holocene and late
Pleistocene added via BDPR. Finally, I also constructed a tree using the tree of all
extant birds (Jetz et al. 2012), with extant taxa without genetic data and 91 flightless
birds from the Holocene and late Pleistocene added via BDPR (table 1).

METHODS
Trees
I used five sets of trees in this analysis (Table 1). Ttwo are trees of all birds
with genetic material (Jetz et al. 2012, Burleigh et al. 2015), although with slightly
different species compositions due to their different publication dates. The Burleigh
tree includes 6,715 taxa inferred from a sparse supermatrix of 29 loci, and was built
using maximum likelihood methods in RAxML (Stamatakis 2006). This tree is
available as maximum likelihood tree and a distribution of 100 bootstrap trees. The
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Jetz tree includes 6,663 taxa, and was inferred from 19 Loci. This tree is available as
clade trees grafted onto existing backbone trees constructed by Hackett et al. (2008)
or Ericson et al. (2006). This tree was constructed in a Bayesian framework in the
program MrBayes (Ronquist and Huelsenbeck 2003) and is available as a
distribution of an arbitrary number of up to 10,000 pseudoposterior trees. To obtain
the Jetz gene-only trees, I downloaded a set of 1,000 pseudoposterior trees
constructed on the Hackett backbone from birdtree.org. The third publicly available
tree I downloaded was the full species tree constructed by Jetz et al. (2012). This
tree is similarly available as a set of pseudo-posterior clade trees grafted onto either
the Hackett or Ericson backbone; and include the 6,663 taxa inferred in the genetic
tree, and 3,323 taxa with no character data. These taxa were placed in the tree using
a birth-death polytomy resolver (Jetz et al. 2012, Thomas et al. 2013).
I constructed the other two tree sets I used in this analysis by including 91
extinct flightless species from the Holocene and late Pleistocene into the
distributions of Jetz trees. In the Jetz gene-only tree, I also included 47 extant
flightless species from the Jetz full species tree. Because flightless birds have
suffered elevated extinction from the expansion of humans during the Pleistocene
and Holocene, I included these taxa to attempt to model the true evolutionary
process of loss of flight in birds. Humans disproportionally hunted flightless birds
for food (Steadman 1995), and flightless birds are underrepresented in extant taxa
compared to the fossil record. Because of this, an analysis of evolutionary rates of
transition to flightlessness using only extant taxa may estimate transition rates that
are lower than the true rates of transition to flightlessness over the evolutionary
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history of birds. To include these taxa, I used the same Birth-Death Polytomy
resolution workflow as the full species tree constructed in Jetz et al. (2012),
provided by the authors as the R package PASTIS (Thomas et al. 2013). I
constructed two tree sets in this manner: I first downloaded the maximum clade
credibility tree for each clade containing at least one flightless taxon not
represented in the receiving tree. For each clade, I constructed a matrix of taxa to be
included in the clade, and taxonomic topology constraints (Table S3). To be as
conservative as possible, I did not include topology constraints below the genus
level, and taxa in extinct genera were included randomly in their family. Multiple
extinct species from extinct genera were placed together to retain monophyly of the
genus, and then placed randomly in their family. Extinct families of flightless birds
were not included in this analysis, because of their deep level of phylogenetic
uncertainty, and the focus of this analysis was on recent shifts to flightlessness. The
maximum clade credibility tree and topology constraint matrix were incorporated
using the package Pastis (Thomas et al. 2013) in R (R Core team 2014) into an input
file for MrBayes (Ronquist and Huelsenbeck 2003). I then constructed a distribution
of pseudoposterior trees in MrBayes consistent with the maximum clade credibility
tree from Jetz et al. (2012) and with taxonomic constraints for each clade containing
an extinct flightless taxon. I then extracted each clade from the original tree, and,
iteratively for each pseudo posterior tree, I used the total branch lengths of the clade
in the original tree to scale the clade that included extinct taxa to retain the original
estimation of clade age and to keep the output trees ultrametric. I then pruned the
original clade tree from the full tree and replaced it with the clade tree including the
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flightless taxa iteratively for each pseudoposterior tree. Using this workflow, I
included 91 extinct flightless species into two distributions of trees, and 47 species
of extant flightless onto the Jetz gene-only tree. These two trees are (1) a
distribution of 1,000 pseudoposterior trees on the Hackett (2003) backbone
including 6,670 taxa with genetic data, and 211 additional extant taxa with no
genetic data, included using BDPR and (2) a distribution of 1,000 pseudoposterior
trees that includes with 10,087 species including 138 flightless species, with 3,410
species included via BDPR to include all extant species of birds and 91 extinct,
flightless species from the Holocene and late Pleistocene (table 1).

Character state coding
Flight ability: I scored flight from each species’ description or subsequent
literature (Table S3). Rapid changes in keel and limb morphology in flightless birds,
along with notes from early observations of these birds when extant, allow for
assessment of flight ability of recently extinct birds (McNab 1994b). Stem groups
have proven more difficult (Olson and Feduccia 1979), but these ancient lineages
were not included in the analysis.
Molt strategy: In general, molt data are sparse because molt is an
understudied subject, but simultaneous molt has caught the attention of researchers
because of the flightless period it induces (Stresemann and Stresemann 1966, Vilian
et al. 2014). Furthermore, molt can be easily assessed into simultaneous and nonsimultaneous categories by inspection of specimens for active molt or feather wear
gradients (Pyle 2005). I scored extant species from literature and inspection of
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specimens at the Louisiana State University Museum of Natural Science (LSUMNS).
Extinct species were scored from literature and specimens where available, or
based on the molt strategies of congeners or confamilials, because most families of
birds show no variation in whether flight feathers are replaced simultaneously or
sequentially, although a few families show inter- (Alcidae) or even intra- (Gruidae,
Phoenicopteridae) specific variation. I coded molt in species as simultaneous and
non-simultaneous (Table S4). Ratites and penguins appear to follow a nonsequential molt strategy but still do not molt simultaneously. Therefore, I coded
these taxa as non-simultaneous, and so they were combined with sequentially
molting birds and birds showing step-wise molt. This is a conservative approach to
the coding of molt in these species, because these flightless species will then be
associated with flightlessness in groups without simultaneous molt.

Transition rate analysis
I used the program BayesTraits version 2.0 (Pagel and Meade 2006) to
conduct a discrete character reverse-jump Markov Chain Monte Carlo (rjMCMC)
analysis of correlated evolution. I used the program APE in R (Paradis et al. 2004) to
estimate ancestral states of molt strategy and flight and used the command “fossil”
in BayesTraits to set the root state of all birds to flighted and sequential molt, based
on the maximum likelihood ancestral state reconstruction. Specifying models
becomes rapidly cumbersome in analyses of correlated evolution (Pagel and Meade
2006), so I implemented a reverse-jump Markov chain within BayesTraits. The
advantage of this approach is that it conducts model adequacy testing and
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parameter estimation simultaneously by allowing the Markov Chain to explore
model space and parameter space, and models are then evaluated by number of
visits to each model by the chain (Table S2). This reverse-jump chain allows for
testing of dependent evolution and testing for unequal rates of evolution of
parameters given background states of other parameters. I used a hyperprior for the
rjMCMC, which draws a random seed prior from an exponential gamma distribution,
to remove arbitrariness of prior choice in the Markov Chain (Pagel and Meade
2006). I determined chain convergence by plotting the state of each character by the
chain iteration and examining the behavior of the chain visually. Because the
reverse-jump chain always favored models of dependent evolution, I ran a separate
analysis constrained to independent evolution to obtain likelihood values for both
dependent and independent evolution to quantify likelihood of dependent
evolution. I conducted this analysis over all five tree sets. I used a Bayes Factor test
to evaluate the performance of the independent and dependent evolution models.

Phylogenetic signal and tree adequacy
Rabosky’s (2015) critique of using BDPR predicted that when BDPR inflates
rates of evolution there is an associated decrease in phylogenetic signal. I calculated
the phylogenetic signal of flightlessness, as well as the Brownian rate parameter for
gains and losses of flight. I also tested how well the trees evaluated the differences
in rates of gains and losses of flight by constraining parameter estimates to equal
rates (ER) and all rates different (ARD) models for flight within all trees and
obtaining AIC and likelihood values from trait fitting in the package GEIGER
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(Harmon et al. 2008) in R (R Core team 2014). I used these models to estimate how
phylogenetic signal, parameter estimation, and model choice are affected by tree
construction under BDPR.

RESULTS
In all five sets of trees, models of dependent trait evolution were highly
favored. The rjMCMC never presented a model of independent evolution in the top
10 most likely models in any tree sets. To examine the support for an independent
model, I ran a separate Markov chain constrained to a model of independent
evolution, with all other parameters equal to the reverse-jump chain. I then
compared the likelihood of the independent model to the most likely dependent
model by calculating the Bayes factor for dependent and independent models as
2*[Log-likelihood(dependent model)-(Log-likelihood(independent model)]. A
Bayes Factors over 10 is considered very strong evidence (Pagel and Meade 2006),
and all Bayes Factors indicated highly significant support for the model of
dependent evolution, in which loss of flight is dependent on molt strategy (Table 1).
BayesTraits estimates the effect of phylogenetic uncertainty by calculating
parameter values over sets of trees, and an overlap in the posterior probability
distributions of parameters can be interpreted as confounding effect of phylogenetic
uncertainty (Pagel and Meade 2005). In all five sets of trees, the parameter
estimating the transition rate of loss of flight in species with simultaneous molt was
higher than the parameter estimating the loss of flight in species without
simultaneous molt (Supplemental Table 1).
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Figure 2. Phylogenetic signal of flightlessness calculated using Pagel’s Lambda.
Lambdas in trees with taxa included via BDPR are slightly reduced compared to
gene-only trees. The reduction in lambda is more pronounced in the Jetz trees
with flightless species added, than in the tree set with only extant species added.
This effect may arise from the separation of synapomorphies into different clades
via the BDPR process, or it may be from the inclusion of a larger number of
independently evolved flightless taxa. In recently flightless species, there is no
evidence for speciation after flightlessness, and it is more likely that the
reduction in Lambda is a true signal of many losses of flight, rather than artificial
reduction of synapomorphies via inclusion of species under BDPR, this is
corroborated by fewer flightless species lowering the value of lambda than the
inclusion of many more flighted species.
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There was no overlap in posterior probability distributions within tree sets
(Figure2).
I estimated Pagel’s Lambda (Pagel 1999) over all five sets of trees to explore
how BDPR and number of flightless birds affect the phylogenetic signal of
flightlessness (Figure4). Lambda was significantly reduced in both tree sets with
extinct flightless species included, but not significantly reduced in the Jetz all birds
tree, relative to the Jetz gene-only tree, suggesting that adding flying species with
BDPR did not split artificially split flightlessness between species, which means that
flightlessness is probably not a shared character between species that have recently
lost flight. That is, each flightless bird outside of the ratites and penguins appear to
represent an independent loss of flight (Figure S1). In recently flightless species,
there is no evidence for speciation after flightlessness, and it is more likely that the
reduction in Lambda is a true signal of many losses of flight, rather than artificial
reduction of synapomorphies via inclusion of species under BDPR, this is
corroborated by fewer flightless species lowering the value of lambda than the
inclusion of many more flighted species. I evaluated how the trees were able to
distinguish between the rates of gains and losses of flight by fitting an equal rates
(ER) and all rates different (ARD) model of flight gain and loss to the tree sets.
(Figure5) I used AIC (Akaike 1987) values and likelihood ratio tests (Huelsenbeck
and Crandall 1997) to evaluate these two models over all the tree sets.
In 100% of the Burleigh trees, the ER model was rejected (p<.05). The
Burleigh tree consistently produced the clearest results, likely because it contains
the largest number of flightless species (44) included with genetic data. Using the
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same p<.05 cut-off, the ER model was rejected in 47% of pseudoposterior trees in
the Jetz gene-only tree, and 25% of trees on the Jetz tree that includes all extant
birds. These trees contained relatively few (10 and 18, respectively) flightless
species, suggesting that even with small numbers of flightless species, these trees
distinguished the rates of losses of flights from the gains of flights.
1.00

Lambda

0.75

Model

0.50

ARD

0.25

0.00
Burleigh

Jetz_gene Jetz_gene_flightless

Jetz_All

Jetz_All_flightless

Tree

Figure 3. Phylogenetic signal of flightlessness calculated using Pagel’s Lambda.
Lambdas in trees with taxa included via BDPR are slightly reduced compared to
gene-only trees. The reduction in lambda is more pronounced in the Jetz trees with
flightless species added, than in the tree set with only extant species added.
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The inclusion of flightless species via BDPR in both tree sets improved the
ability to distinguish between ER and ARD models, and in the Jetz Gene-only tree
with flightless species added via BDPR, the ER model was rejected in 86% of the
trees in the Jetz all + extinct flightless tree set. Intuitively, the true history of
flightlessness should involve different rates of gains and losses of flight, given that
there have been many losses of flight, and there is no direct evidence for multiple
gains of flight in birds. I estimated the Brownian rate parameter of change between
flightless and flighted modes, under the ARD model (fig. 4). In all trees, the number
of gains of flight was estimated to be near zero, and all trees evaluated showed an
elevated rate of losses of flight compared to gains.
Model likelihood in rjMCMC can be interpreted as proportional to the
number of times the chain visits a model (Pagel and Meade 2006). BayesTraits
explores dependent models of evolution by “binning” transition rates into different
categories, and model strings represent parameter restrictions in the model, with a
“Z” representing a parameter restricted to 0. Other parameter restrictions are
grouped by similar parameters, and higher numbers do not represent higher
parameters. In the model strings, the second and fourth rate represent losses of
flight when preceded (q13) and not preceded (q24) by simultaneous molt,
respectively. In the top models in all trees, loss of flight when preceded by
simultaneous molt is never restricted to zero, and is in a different category than loss
of flight when not preceded by simultaneous molt, which is restricted to zero in
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many of the top models (Supplemental table 3). Importantly, no iteration of the
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Figure 4: AIC values calculated for equal rates and all rates different models of
flightlessness. The Burleigh tree unambiguously favored the ARD model, and
likelihood ratio tests highly significantly rejected the ER model in favor of the ARD
model in 100% bootstrap trees in the Burleigh tree set. Likelihood ratio tests
significantly rejected ER models (p<.05) in 47.4% of pseudoposterior trees in the
Jetz Gene-only tree set, and 25% of pseudoposterior trees in the Jetz all birds tree
set. The Jetz gene-only trees with flightless species included via BDPR significantly
favored the ARD model in 78.2% of pseudoposterior trees, and the Jetz all birds
trees favored the ARD model in 86% of pseudoposterior trees.
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Figure 5: Transition rate parameters of gain and loss of flight under ARD model with
some outliers removed for plotting. 100% of the Burleigh trees showed a difference
between gains (mean= 0.049, SD = .005) and losses (mean = 2.667, SD = 2.653) of flight.
In the Jetz gene-only tree, 47.4% of trees showed a significant different between gains
(mean < .001, SD<.001) and losses (mean = .006, SD =.133) of flight, and showed a
reduced rate of loss of flight compared to the other trees. The low number of flightless
species included in the tree may have caused this reduction in rate of loss of flight. In the
Jetz gene-only tree with flightless species included via BDPR, 78.2% of trees showed
significant differences between gains (mean = .003,SD = .025) and losses (mean = .118,
SD = 1.223) of flight. In the Jetz tree with all extant species, 25% of trees showed a
significant difference between gains (mean<.001, SD = .002) and losses (mean = .022, SD
= .521) of flight. In the Jetz tree with all extant species and extinct flightless species
included, 86% of trees showed a significant difference between gains (mean < .001, SD =
.015), and losses (mean = .068, SD = 1.078) of flight.
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chain estimated overlap between these two transition rates (Fig. 2). Pagel and
Meade (2006) recommended testing hypotheses of transition rate differences in
reverse-jump models by using the log likelihood scores of the models to calculate
Bayes Factors for model support (Table 1). The Bayes factors strongly support the
hypothesis that transition to flightlessness is higher when preceded by
simultaneous molt compared to an independent model.

DISCUSSION
Loss of flight in birds is seemingly paradoxical because of the multitude of
benefits that powered flight has provided birds. Nonetheless, shifts in costs and
benefits flight have caused many lineages to evolve flightlessness over time
(Lindstrom et al. 1998; McNab 1994a). In circumstances that favor flightlessness,
birds preadapted to a flightless lifestyle appear to be able to evolve flightlessness
more rapidly and frequently than others. The results of this analysis of transition
rates support the hypothesis that an obligate period of flightlessness in an
otherwise volant bird’s annual cycle facilitates the loss of flight through
preadaptation to a flightless lifestyle. These preadaptations include, but are not
limited to, behaviors that facilitate nonflying foraging and predator escape
strategies necessary in birds that become flightless during the molting period. By
adapting to forage and to escape predators without flying during molt, lineages with
simultaneous wing molt have an advantage over others when presented with a
situation that may favor a flightless bird, such as an island free of terrestrial
predators. Flightless birds with simultaneous molt (e.g. Rallidae, Podicipedidae,
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Anatidae) all have shallow relationships with sister species or subspecies, (e.g.
Brown Teal, Anas aucklandica chlorotis and A .a. aucklandica), and have likely lost
flight rapidly. Olson (1973) estimated that flightless rails lost flight within the span
“generations rather than millennia”. At least 36 species in the family Rallidae have
lost flight, but the extinct, flightless species in Rallidae likely numbers in the
hundreds and perhaps thousands (Steadman 1995), almost all on islands free of
terrestrial predators. Fourteen species of Anseriformes (ducks and geese) have lost
flight. All flightless Anseriformes have volant congeners, including one species (New
Zealand Teal Anas aucklandica) with flying and flightless populations on different
islands (McNab 1994a). Another duck (Flying Steamer-Duck Tachyeres
patachonicus) shows facultative flightlessness outside the molting period
(Humphrey and Livezey 1982). Flightless Anseriformes occur both on oceanic
islands and in aquatic environments where terrestrial and aerial predators can be
avoided by diving or simply avoiding land. Three species of grebes (Podicipedidae)
are flightless, all with volant congeners. These species all live in aquatic
environments, but at least one (Rollandia microptera) favors beds of thick reeds,
which may assist in predator avoidance. The few lineages that have lost flight
without simultaneous molt (i.e. the Dodo Raphus cucullatus in the Columbidae) have
deeper relationships to extant sisters and may have lost flight gradually over a long
period of time. Other species on islands with sequential molt are weak flyers (e.g.
the Kokako Callaeas cinerea in the Callaeidae and the Kagu Rhynochetos jubatus in
the family Rhynochetidae) and may be undergoing a gradual loss of flight. The only
extant flightless bird with volant congeners is the Flightless Cormorant
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(Phalacrocorax harrisi), which has been estimated to have diverged from its
congeners ~2.3 mya (Liptau et al. 2008, Kennedy et. al. 2009). Although a
terrestrial or aquatic lifestyle may be involved in the evolution of flightlessness,
examples abound of families of terrestrial (Phasianidae, Thinocoridae, Numididae,
Odontophoridae, Anhimidae, Otididae, Cariamidae, Psophiidae, Turnicidae) and
aquatic (Heliornithidae, Laridae, Procellariidae, Ardeidae, Phaethontidae, Sulidae,
Stercorariidae) birds that do not molt simultaneously and have no flightless species.
Although anthropogenic pressures have disproportionately affected
flightless birds, the story of flightlessness in birds is of repeated evolution of this
condition (Fig. 1) in certain preadapted clades, likely followed by a high rate of
extinction, even independent of human influence. Thus, the loss of flight in most
lineages may not reflect a recent change in any global selective regime but rather
the product of high turnover in flightless species. Because of this, flightlessness may
be highly advantageous in some situations, but in most circumstances is likely an
evolutionary dead-end, with rare lineages (Spheniscidae and ratites) persisting and
diversifying after losing flight. The interpretation of the analysis of transition rates
is that flight is more readily lost in the presence of simultaneous wing molt. The
results from my analysis of the rates of loss of flights supports the hypothesis that
simultaneous molt interacts in some way with the evolution of flightlessness in
birds. Because birds that exhibit simultaneous molt must undergo a period of
flightlessness during molt, they likely are adapted to survive this flightless period by
foraging for food and escaping predators without flying. Because of these
preadaptations to flightlessness, the balance of costs and benefits to powered flight

32

is likely changed, resulting in reduced costs to flightlessness without a reduction in
its benefits. Indeed, in the Flying Steamer-Duck (Tachyeres patachonicus), which has
flightless congeners, the largest males regularly surpass a mass that their wings
could lift and became facultatively flightless outside the molting period (Livezey and
Humphrey 1986) to no apparent detriment. This apparent relaxed selection on the
ability to fly may provide a snapshot into how simultaneously molting species
transition from facultative to obligate flightlessness. Through preadaptations, an
organism’s traits can change the selective landscape faced by other traits and thus
influence their evolution. Preadaptations are thought to be a common mechanism of
profound evolutionary change and have been implicated, for example, in the
evolution of human speech (Fitch 2000), eusociality (Brockman and Dawkins 1979),
and climatic-niche evolution (Cullum et al. 2001). In this study, I establish a
connection between lineages with simultaneous molt and the transition rate to
flightlessness, which supports the idea that adaptations to simultaneous molt serve
as preadaptations to flightlessness and facilitate the evolution of loss of flight in
birds.
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CHAPTER 3: A MULTIPLE STEP PATHWAY FOR THE EVOLUTION OF SEASONAL
DICHROMATISM IN THE NEW WORLD WARBLERS (AVES: PARULIDAE)
INTRODUCTION
How environmental conditions interact with an organism’s phenotype is a
fundamental process underlying the evolution of morphology and life history
(Darwin 1859, Losos et al. 1998, Hoekstra et al. 2006). In their seminal paper, Gould
and Lewontin (1979) emphasized that morphological evolution is constrained by
what it has been provided, that is, selection can only act on existing phenotype.
Adaptations that evolve in response to selection can then serve as preadaptations
for unrelated novelties (Cornwallis et al. 2017). Existing structures can both
facilitate and constrain the evolution of signals produced by those structures, such
as bill shape and vocalization type in birds (Derryberry et al. 2012). In birds,
plumage coloration can act for both signaling and crypsis, and variable needs for
each throughout the year (Karubian 2002, Slagsvold 1995) are thought to give rise
to seasonal dichromatism, or the change in plumage color or pattern throughout the
year. In most birds with a distinctive breeding plumage, seasonal dichromatism
arises through a biannual molt of feathers, but the origin of this molt strategy, and
how it facilitates and constrains seasonal dichromatism, has not been investigated.
Here, I examine the evolution of seasonal dichromatism and molt strategy in a
family of birds, the wood-warblers (Parulidae), that shows a remarkable diversity in
life history. I examine the evolutionary history of this molt strategy to ask whether it
evolved for seasonal phenotype alteration or if it evolved for structural replacement
of worn feathers.
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Selection on avian plumage coloration acts on two separate axes (Dunn et al.
2015). Sexual selection often produces bright or gaudy plumages that can serve as
signals and often increases access to mates (Karubian 2002, Sætre et al. 1994), and
other forms of natural selection may produce cryptic plumages that decrease
predation risk (Götmark 1997, Slagsvold et al. 1995). Because sexual selection may
be relaxed outside the breeding season, Mulder and Magrath (1994), among others,
hypothesized that it is advantageous to birds to be able to alter their phenotype
throughout the year to respond to variable pressures throughout their annual
cycles. Many species of birds alter their phenotype throughout the year by
undergoing multiple molts (Figure 1; Humphrey and Parkes 1959).
All birds molt their feathers at least once a year to replace old feathers,
generally just after the breeding season (Hahn et al. 1992). This usually complete
molt, termed the prebasic molt, produces the basic plumage (Humphrey and Parkes
1959 , Howell et al. 2003, Wolfe et al. 2014). Although the most basic function of
molt is to maintain high-quality feathers by replacing older, worn feathers with new
ones; the presence of variations such as seasonal dichromatism and delayed
plumage maturation associated with molts suggest that insterted molts may serve
additional purposes (Rohwer 1990, Thompson 1991). The maintenance of fresh
feathers is necessary for the many functions feathers provide, including flight,
coloration, signaling, protection, and thermoregulation (Merilä and Hemborg 2000,
Reudink et al. 2009). Many studies have noted a diversity of strategies that birds use
to replace their feathers (Stresemann and Stresemann 1966, Howell 2003), though
few have attempted to understand the evolutionary history and mechanistic drivers
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of the generation of this diversity (Bridge et al. 2005, Ydenberg et al. 2007). Molt
strategies likely reflect a trade-off between demands for fresh feathers and
resources available for molt (Ankney 1979, Holmgren and Hedenström 1995,
Swaddle and Witter 1997). Little research has examined what environmental
factors influence the timing and patterns of molt strategies in birds (Barta et al.
2006, 2008). Here, I concentrate on the origin and drivers of the origin of a
secondary molt within birds’ adult annual cycles.
Some birds undergo a secondary molt during the annual cycle. This
secondary molt is almost always an incomplete molt (Humphrey and Parkes 1959,
Pyle 1997). This molt often brings about what is colloquially referred to as breeding
plumage, although this term does not always refer to the plumage produced by a
partial molt; e.g., ducks produce a bright plumage that is referred to as breeding
plumage during a complete molt, and a dull plumage during an incomplete molt
(Pyle 2005). Following Wolfe et al. (2014), I term a secondary molt that is
undergone every cycle a prealternate molt, and the plumage it generates alternate
plumage. Prealternate molt does not always produce colors or patterns that differ
from those in basic plumage, and prealternate molt varies in extent of feathers
molted and change in phenotype produced (Pyle 1997). Here, I seek to understand
why prealternate molt has evolved by examining the conditions under which it
arises and the exogenous correlates of its extent. The benefits of molt can be divided
into two major categories: (1) structural renewal of worn feathers, and (2)
phenotype alteration through growth of feathers with different colors, patterns, or
shapes. I ask whether prealternate molt evolved for seasonal dichromatism, or in
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response to some other selective forces, and then served as a precursor for seasonal
dichromatism. I also compare this molt to another inserted molt, the preformative
molt; which is only present in a bird’s first annual cycle (Howell et al. 2003).
Preformative molt does not result in a breeding plumage, and so I investigated its
evolutionary processes in comparison to prealternate molt; i.e., a molt that is not
involved in seasonal dichromatism. I also investigated the relationships and history
of sexual dichromatism, which is thought to evolve in response to long-distance
migration (Friedman et al. 2009, Simpson et al. 2015) and may impose differential
costs of molt on males and females by life history strategy.
The phylogenetic comparative methods available for investigation of trait
evolution, interaction, and diversification have been expanding rapidly recently due
to increased availability of phylogenies for comparison; and interest in using these
phylogenies to explore evolution of traits and diversity of life (Garamszegi et al.
2014). I take advantage of the numerous available comparative methods by using
several approaches to investigate how molts and dichromatism arise in this group.
The family Parulidae provides an excellent group to study trait and life history
evolution, because they are a conspicuous component of North American avifauna
with diverse life-history strategies, and therefore their ranges (Winger et al. 2014),
molts (Pyle 1997) are very well known compared to other groups of animals. I
examined specimens, searched literature, and used publicly available data to
examine 27 external life-history variables, a recent, well-resolved phylogeny
(Lovette et al. 2010) of this family, and measurements by feather region of molts
and dichromatism to investigate the evolution of prealternate molt and seasonal
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dichromatism in this group. I investigated which external variables are correlated
with the evolution of molts and dichromatism, and consider both variables across
birds bodies and by feather regions, as well as exploring the shared evolutionary
history of each molt and dichromatism by feather region. I aimed to test weather
prealternate molt evolved for seasonal dichromatism, or if it evolved to replace
worn feathers and then was coopted for seasonal dichromatism. The evolution of
molts is poorly understood, and so I took a broad approach in order to understand
as much as possible about the evolution of inserted molts and both seasonal and
sexual dichromatism in this group.

METHODS
Molt and dichromatism scoring
I scored the extent of molts and plumage dimorphism using a combination of
specimen examination and literature review. All specimens were examined at LSU
Museum of Natural Science. I used a combination of collection date, data from
specimen labels, and known molt patterns (Pyle 1997) to separate individuals by
age, sex, and molt stage. Species or life stages not available at the LSUMNS were
scored from the literature (Pyle 1997) or visual examination of published
photographs of plumages (Dunn and Garrett 1997, Stevenson and Whittle 2013). I
scored presence of molt and dimorphism by body regions that correspond with
feather tracts or groups of feather tracts (Figure 1). For each body region, I scored
molt as follows: 1= complete replacement of the feathers in the region, 0 = molt
absent from the region, and 0.5 = either partial replacement of the feathers in that
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region, or intraspecific variation in extent of molt. I scored dimorphism as any
visually discernable difference in color, shape, or pattern between feather
generations, aside from feather wear between birds in basic and alternate plumage.
I scored dimorphism in feather regions as follows: 1 = region completely dimorphic,
0 = no dimorphism in region, and 0.5 = and partial dimorphism or intraspecific
variation. In some species, extent of molt and dimorphism differ between the first
prealternate molt and definitive prealternate molts. In these cases, I considered only
the definitive prealternate molts.

Life history parameters
All calculations of life history parameters were conducted in R version 3.3.1
(R Core Team 2016). Spatial data such as Bioclim and solar variables was extracted
using maps of species distributions provided by Birdlife International and
NatureServ (2016). I worked with the shapefiles of spatial distributions of
Parulidae using the packages GISTools (Brundson and Chen 2014), maptools
(Bivand and Lewin-Koh 2016), raster (Hijmans 2016), and geosphere (Hijmans
2016) in R. I chose to calculate the following life history parameters that reflect
factors that may result in feather wear from solar exposure due to range and
migration, as well habitat use and foraging stratum.
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alula
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Figure 1: (a) A schematic of feather regions in this analysis. I divided feather regions
into groups of or individual tracts that generally show concerted molt and
dichromatism, and that were possible to score from literature and specimens. (b)
Basic plumage and (c) alternate plumage of the male Yellow-rumped Warbler
Setophaga coronata auduboni. Basic plumage is the result of h a complete molt,
whereas the alternate plumage, which is dichromatic from the basic plumage in the
head, breast back, and wing coverts, arises from a partial molt of those feather
regions.

Migratory distance and latitude
To estimate migratory distance, I divided species into three categories:
Migrants, which have no spatial overlap between their breeding and nonbreeding
distributions; non-migrants, which have complete overlap between breeding and
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nonbreeding distributions, and partial migrants, which have some overlap between
breeding and nonbreeding distributions. Non-migrants were always set to zero
migratory distance. I calculated the latitude of the breeding and winter ranges of
each species as the mean latitude value of each shapefile. I then calculated six
separate estimations of migratory distance: 1: distance between the median
latitudes of each distribution, 2 and 3: distance between the maximum and
minimum, latitudes of each distribution, 4: distance between maximum latitude of
breeding distribution and minimum latitude of nonbreeding distributions, 5:
distance between minimum latitude of the breeding distribution and maximum
latitude of the nonbreeding distribution, and 6: the great circle distance between the
centroids of the points. I used linear models to examine the autocorrelation
between these variables and chose the first measure of migratory distance to use in
further analysis, because it best predicted the other measurements of migration.

Solar radiation, day length, and climate variables
I calculated solar radiation, day length, temperature, precipitation, and
elevation values for each species by extracting data points from remote census data
in the form of publicly available spatial data from the range maps used to calculate
migratory distance. Each data set was separated into breeding (May-July) and
winter (Nov-Feb) months, and calculated within the breeding and nonbreeding
grounds during the appropriate months. The solar radiation and day length datasets
were from the NASA Langley Research Center Atmospheric Science Data Center
Surface meteorological and Solar Energy (SSE) web portal supported by the NASA
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LaRC POWER Project (NASA Surface meteorology and Solar Energy 2008). I
estimated solar radiation as the average insolation incident on a horizontal surface
per month (hereafter solar radiation) over the course of a year in units of
kWh/m^2/month. I estimated daylight hours as the average daylight hours a
species experiences per month (hrs/month). I separated solar radiation into
radiation experienced in the breeding and winter ranges separately, and combined
for an overall average. I also created a new variable to estimate total solar exposure
by multiplying solar radiation by day length. I extracted ten climatic variables from
five climate variable grids from WorldClim 1.4 (Hijmans et al. 2005) at 2.5 minutes
resolution. I extracted breeding and nonbreeding range values from maximum,
minimum, and mean temperature, precipitation, and altitude data sets. Temperature
is provided and degrees Celcius x 10. To extract solar radiation, day length, and
climate variables, I generated 10,000 points randomly within each distribution map
polygon. I then extracted data from each variable layer at each of the 10,000 points
for the breeding and winter months, in the appropriate polygon for each species. I
then calculated the mean value for each variable in the breeding and winter
distributions.

Habitat and stratum
Using data from Dunnn and Garrett (1997), Curson (2010), Stevenson and
Whittle (2013), Rodewald (2015), and Shulenberg (2017), I scored the habitat and
foraging stratum during the breeding and wintering periods for each species. I
created a scoring system for habitat and stratum that roughly estimated solar
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radiation exposure by species. I scored habitats using the following codes: 0 = tall
deciduous forest. 1 = coniferous/montane forest. 2 = riparian/secondary/gallery
forest, or broad forest type use. 3 = stunted/young forest. 4 = forest edge. 5 =
scrub/marshes. 6 = open habitat. I rated stratum by relative stratum within a
habitat with the following codes: 0= ground or near ground, 1=
understory/undergrowth, 2 = midstory, 3= subcanopy, 4 =canopy/edge/open. I also
scored the stratum of nest placement and the nest type from these sources because
nest type may affect feather exposure to the sun and physical abrasion. I coded nest
types as the following: 0 = cavity, 1 = Dome/closed, 2 = open cup.

Analysis
I conducted all phylogenetic analyses using a recent, multilocus phylogeny of
the Parulidae that was constructed with mitochondrial DNA and 6 nuclear loci
(Lovette et al. 2010).

Shared evolutionary history of feather regions
To identify groups of feathers with significantly correlated evolution, I
compared the presence of molt and dichromatism in each feather region using
phylogenetic generalized least squares (Butler and King 2004). I then constructed a
matrix of correlation coefficients between phylogenetic generalized least squares
for each aspect of each body region. I filtered these correlations by significance with
a threshold of p<0.05, and organized the correlation matrices using hierarchical
clustering in the package corrplot (Wei and Simko 2016) in R. This sorted each of
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the four variables into identifiable groups of coevolving body regions (Figure S1),
and allowed comparison of the strength of correlated evolution for each trait.

Model selection and phylogenetic signal
To select models of evolution for molts and dichromatism, I fit various
models of evolution to the data and phylogeny to both understand the nature of
evolution of molts and dichromatism, and to use model-based parameter estimation
in downstream analyses. I fit models of character evolution using Brownian motion
(BM; Felsenstein 1973), Orstein-Uhlenbeck (OU; Butler and King 2004), and Earlyburst (EB; Harmon et al. 2010) models in the package geiger in R (Harmon et al.
2008). I also fit estimated phylogenetic signal of the traits using Pagel’s Lambda
(Pagel 1999) and kappa (Pagel 1999) values. I fit models of continuous traits for
feather regions and extent of molts and dichromatism, and models of discrete traits
for presence of molts and dichromatism. I extracted the sample size-corrected AIC
(AICc) values and parameters from each model for cross-model comparisons and
converted these values to AIC weights to compare models (Akaike 1987). I
compared the AICc weights for these three models by calculating AICc weights for
each feather tract and for presence and extent of prealternate molt, preformative
molt, sexual dichromatism, and seasonal dichromatism. I calculated phylogenetic
signal as Pagel’s Lambda (Pagel 1999) in phytools for each molt and sexual and
seasonal dichromatism for each body region and modular unit, as well as presence
and extent of molts and dichromatism.
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I evaluated the number of transitions and the probability that rates of gains
and losses were significantly different for presence of molt sand dichromatism by
reconstructing ancestral states under equal rates (ER) and all rates different (ARD)
models; I compared the log-likelihoods of each model using a likelihood ratio test to
obtain a p-value for rejection of the ER model in favor of the more complex ARD
model. This method allowed me to ask if rates of gains and losses of molts and
dichromatism were different from each other. I did not evaluate models for
presence of preformative molt, because all species I examined show some sort of
preformative molt, so there are no transitions to evaluate.

Ancestral state reconstruction and rates of evolution
I used the models with the highest weighted AICc score from my model
selection analysis to reconstruct ancestral states, and used these models to estimate
number of gains and losses for molts, dichromatism, and endogenous correlates of
these traits such as migration distance, habitat, and stratum. In traits with Brownian
motion models, I tested for fit of single and multirate models, and then used the
appropriate model in ancestral state reconstruction. I constructed ancestral state
estimates of molts and dichromatism both as continuous and discrete variables. I
conducted ancestral state reconstruction on presence of molts and dichromatism on
the whole body, and by feather region and modular unit. To convert continuous
characters to presence/absence, I converted any nonzero integer to a 1, to indicate
that the molt or dichromatism is present in the region of interest. I then evaluated
the probability of presence and absence of molts and dichromatism for the entire
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body and by feather region at each node using a likelihood framework in the
package APE (Paradis et al. 2004) in R. I reconstructed ancestral states under both
equal rates (ER) and all-rates-different (ARD) models, and used likelihood ratio
tests to choose the best model with which to reconstruct ancestral states. I
evaluated the ancestry and rates of evolution of gains and losses of partial molts and
dichromatism. I also evaluated molts and dichromatism as continuous characters,
scored as the number of feather regions involved, and reconstructed their ancestral
states to evaluate their ancestral states and rates of evolution as continuous
characters across the bodies of these birds. Additionally, I used this framework to
reconstruct the evolutionary histories of migratory distance, foraging stratum, and
habitat.

Phylogenetic mixed models for molt and dichromatism extents
In order to understand importance of life history variables to prealternate
molt and seasonal dichromatism, I built mixed models of exogenous correlates of
molt and dichromatism extents. I first conducted pairwise phylogenetic generalized
least squares analysis over extents of molt, dichromatism, and exogenous correlates
(Supplemental figures 2-5) using the package caper (Orme et al. 2013) in R. I
examined pairwise PGLS results for strength and significance of interactions and
used these interactions to build sets of mixed models to test for the effects of
exogenous drivers on extents of molts and dichromatism by examining pairwise
interaction between molts, dichromatism, and ecological data, as well as covariation
between life history and ecological correlates I evaluated these mixed models using
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CAPER and pGLS in R, and organized the models using information theory by
ranking models by their sample-sized weighted information content (AICc) score
(Table 1; Akaike 1989).

Phylogenetic ANOVA of drivers of molt and dichromatism in feather regions
To investigate how life history and environmental variables interact with
molts and dichromatism within feather tracts, I conducted a phylogenetic-controlled
analysis of variance (ANOVA; Garland et al. 1993), for each feather tract using the
package phytools (Revell 2012) in R. I investigated the influence of migratory
distance and foraging stratum on prealternate molt within feather regions by
comparing these continuous characters to presence and absence of prealternate
molt (Fig. 2).
Stochastic character mapping
Predictor variables, if preceding response variables, should show higher
probability of presence by node than predictor variables across the tree. I
constructed stochastic character maps of transitions to and from long-distance
migration, prealternate molt, canopy foraging, and seasonal dichromatism to
evaluate the timing of transitions. To verify my ANOVA and PGLS analyses, it is
logical that predictor variables should precede response variables in time.
Stochastic character mapping uses discrete characters, and I used cutoffs relevant to
this analysis, specifically cutoffs in the continuous characters that encompassed the
majority of the discrepancy in the interacting character. I set a cutoff of 20 degrees
latitude for long-distance migration, because most of the variation between
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presence and absence of prealternate molt occurred around that cutoff (Figure 2).
For prealternate molt and seasonal dichromatism, I used the root state (presence of
prealternate molt in the head only; Figure 3) of the tree as the cutoff, so that the
stochastic character maps would show transitions from that state. For foraging
stratum, I set the cut off at canopy-level, so that the character maps reconstructed
transitions between canopy and non-canopy foraging, because most variation in
seasonal dichromatism within tracts corresponded to this transition. I then
conducted regression analysis on pairwise comparisons of ancestral states for each
node in the tree by trimming each tree to the largest union of species with data for
both variables considered. I evaluated the residuals for each node to a line with
slope of 0.5 and an intersection at 0,0, which is the line that would predict no
temporal lag between two perfectly correlated characters; functionally, I calculated
this as the sum of the values generated by subtracting the probabilities of presence
of the response variable from the probability of the presence of the predictor
variable for each node in a tree composed of the largest set of taxa with data for
both variables.

Phylogenetic path analysis
To investigate the evolutionary relationships between prealternate molt,
seasonal dichromatism, and other variables, I conducted a phylogenetic path
analysis, following the method outlined by Gonzalez-Voyer and von Hardenbeg
(2014). Phylogenetic path analysis has several advantages to multivariate systems,
especially in its ability to discriminate direct and indirect effects between variables,
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and in its consideration of multiple interactions at once. To evaluate the
multivariate interactions in this system, I used results from my PGLS analyses to
inform 12 separate hypotheses of direct and indirect effects within prealternate
molt, preformative molt, seasonal dichromatism, migration distance and foraging
stratum (supplemental figure 2). I used a d-sep based path analysis (Shipley 2009)
to build sets of phylogenetic-controlled model equations (von Hardenberg and
Gonzalez-Voyer 2014), which I evaluated using the package caper (Orme et al. 2013)
in R. I then used information theory to rank these models, based on a C statistic
(Shipley 2000), I used P-values and CICc (von Hardenberg and Gonzalez-Voyer
2014) scores to evaluate the probability and information content of the C-statistic,
respectively. I used P-values of the C statistic to narrow models down to a subset
that I was not able to reject, and then ranked models by their CICc score to evaluate
the likelihood of each model, given my data.

RESULTS
Coevolution of feather regions
I observed a strong signal of correlated evolution in preformative molt (fig.
S1). The head, back, breast, and belly formed one cluster, which was partly
associated with the greater and median coverts. A separate cluster was composed of
primaries, secondaries, and primary coverts; this strategy is known as eccentric
molt (Pyle 1997, Elrod et al. 2011) and the tertials were partially linked to this
cluster. The clustering of feather regions was weaker in prealternate molt (fig. S1),
and the largest group was composed of the head, breast, belly, back and greater
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coverts, with the tertials showing association with this cluster, except the head. The
tertials, rectrices, and median coverts formed a separate unit from these regions.
Sexual and seasonal dichromatism showed patterns of correlated evolution between
most tracts that exhibited variation in dichromatism. Sexual and seasonal
dichromatism showed high incidence of correlated evolution (Figure S1).

Model selection, rates of evolution and phylogenetic signal
I found support for an Ornstein-Uhlenbeck (OU) model (AICc weight = .96)
for presence of prealternate molt, but support for Brownian motion (BM) evolution
(AICc weight = .60) for extent of prealternate molt, suggesting that adaptive optima
may exist in this character. For preformative molt, I found strong support for an
early burst (EB) model in presence of the molt, (AICc weight = 1) but strong support
for an OU model of extent of preformative molt (AICc weight = 1). When
investigating models for dichromatism, I found support for a BM model for both
presence (AICc weight = .56) and extent (AICc weight = .57) of seasonal
dichromatism.
Molts and dichromatism fit different models of evolution, and the OrnsteinUhlenbeck model is a special case of Brownian motion. Because of this, I used both
BM and OU models to compare rates of evolution across molts and dichromatism for
presence and extent data, but only BM models for comparing feather regions. I
converted molt and dichromatism to presence/absence data for each feather region,
and an OU model did not seem appropriate for the feather region comparisons,
because adaptive peaks in molts are likely shown between feather regions, not
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within them, at least at the scale that I measured presence of molt. I found that
prealternate molt showed higher rates of evolution than preformative molt, no
matter what model I considered (Table S1), both in presence, extent, and by feather
regions, except in the wings. In general, preformative molt showed near zero rates
of evolution, except in the primaries, secondaries, and primary coverts, which
follows the clustering in eccentric molt that I found while analyzing correlated
evolution of feather regions. For dichromatism, I found seasonal and sexual
dichromatism had similar rates of evolution when I considering only presence of
dichromatism, but when I considered extent of dichromatism, the rate of evolution
of sexual dichromatism was much higher that seasonal dichromatism in both
models (table S1). In both extent and presence, seasonal dichromatism showed an
elevated rate of evolution under an OU model, and the head, breast, and belly largely
account for a large amount of seasonal dichromatism.
In the BM and OU models, seasonal dichromatism showed a slightly lower
rate of evolution than prealternate molt. Phylogenetic signal was slightly higher in
extent of prealternate molt than preformative molt, but in the tracts that were
involved in most preformative molts, phylogenetic signal was much higher (table
S2). This suggests that a strategy of “partial” preformative molt is very conserved,
whereas “eccentric” preformative molt is less conserved, both relative to
prealternate molt. Both sexual and seasonal dichromatism showed similar levels of
phylogenetic signal (Table S2).
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Figure 2: Phylogenetic-corrected relationships between four major variables in this analysis. Migratory distance is
correlated with (a) the extent of prealternate molt, and (b) this correlation is consistent across all feather regions that show
prealternate molt. Similarly, (c) foraging stratum is correlated with extent of seasonal dichromatism, and this relationship is
present, although not necessarily significant, in all feather regions that show seasonal dichromatism (d). P-values for
feather regions were obtained from a phylogenetic corrected ANOVA.

Foraging Stratum

Migratory Distance
Foraging Stratum

Extent of prealternate molt
Extent of seasonal dichromatism

Ancestral state reconstruction and stochastic character maps
At the root node of the tree, I reconstructed a prealternate molt and sexual
dichromatism present only in the head, and no seasonal dichromatism (Figure 3),
suggesting the most recent common ancestor of warblers underwent a prealternate
molt in the head, that did not change the plumage aspect. Over 1000 stochastic
character maps (Figure S2), I found means of 14.8 gains and 9.9 losses of
prealternate molt, relative to the root state. I found means of 21.13 gains and 22.6
losses of long-distance migration, which I defined as a migration distance of over 20
degrees latitude, because this cutoff best predicted prealternate molt by feather
region. For seasonal dichromatism, I found means of 8.5 gains and 3.2 losses, and for
sexual dichromatism, means of 6.5 gains and 6.8 losses.
When I compared long-distance migration to prealternate molt, I found a
sum of 12.0, favoring migration as a predecessor to prealternate molt. When
comparing prealternate molt to seasonal dichromatism, I found a sum of 9.2,
supporting the idea that prealternate molt precedes seasonal dichromatism. When I
compared canopy foraging to seasonal dichromatism, I found a sum of residuals of
10.6, supporting the idea that canopy foraging preceded seasonal dichromatism
(Figure S2). All of these temporal analyses informed directionality of path
hypotheses.
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Phylogenetic generalized linear models of exogenous correlates of extents of
molts and dichromatism
For individual pairwise comparisons between variables, I found that extent
of seasonal dichromatism was best predicted by extent of prealternate molt
(adjusted R2= .312, p<.001), day length (adjusted R2 = .065, p=.046), and migration
distance (adjusted R2= .072 , p =.039) which are correlated with prealternate molt.
Seasonal dichromatism was also significantly correlated to foraging stratum
(adjusted R2= .078, p=.032).
The extent of prealternate molt was correlated with extent of seasonal
dichromatism (adjusted R2= .312, p<.001), day length (adjusted R2= .16, p = .001),
migration distance (adjusted R2= .188, p = .013), and breeding latitude (adjusted R2=
.109, p = .013). Neither extent of preformative molt nor sexual dichromatism was
significantly correlated with any of the predictor variables.
Sixteen models significantly predicted the extent of prealternate molt with
significance of p<.05, and I ranked these models using sample size-adjusted
information theory criteria. The top model for extent of prealternate molt
outperformed all other models by a sizable margin, and the top two models
combined accounted for the majority of the AIC weight. The top models that
predicted the extent of prealternate molt generally included day length, solar
radiation both in the breeding and nonbreeding season, and migratory distance as
predictor variables, which are all variables that can be associated with feather wear.
Fifteen models predicted the extent of seasonal dichromatism. All of these models
included the extent of prealternate molt, foraging stratum both in the breeding and
nonbreeding season, and migratory distance (Table 1). Top models were more
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nonbreeding season, and migratory distance (Table 1). Top models were more
evenly weighted than models for prealternate molt, with the top two models being
existing hypotheses, compared with minor and major changes to the relationships I
found with my PGLS analyses. Models 2 and 3 (Figure 4) were strongly favored by
information theory analyses, with roughly equivalent CICc values. Both of these
models proposed that prealternate molt and foraging stratum are direct parent
variables of seasonal dichromatism and that migration distance is a direct parent of
day length, and only differed in whether migration distance or day length was a
direct parent of prealternate molt. The best model that proposed a conditional
independency for prealternate molt was model 5, the next best model after models 2
and 3. However, this model showed a marked decline in CICc value compared to
models 2 and 3. (Figure S2), meaning that prealternate molt is either influenced by
day length or migration distance, but is not conditionally probable on both.

DISCUSSION

These results suggest that a multiple step pathway exists for the evolution of
seasonal dichromatism in the Parulidae. Specifically, seasonal dichromatism
requires the existence of prealternate molt, but prealternate molt evolves in
response to increased feather wear. I find evidence that interactions of exogenous
conditions, life history, and phenotype all combine to influence the evolution of
seasonal dichromatism in this group, and that the mechanism for evolving a
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phylogenetic
signal two genera of tropical species with little life history
species in the tree. Seasonal dichromatism evolves within the context of prealternate molt, but prealternate molt is more
widespread on the phylogeny and across the bodies of birds, which suggests that prealternate molt arises for some reason
other than strictly for seasonal dichromatism.
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model
extent of prealternate molt + winter
foraging stratum
extent of prealternate molt + breeding
foraging stratum
extent of prealternate molt + winter
foraging stratum + day length
extent of prealternate molt + winter
foraging stratum + breeding foraging
stratum
extent of prealternate molt
migratory distance + breeding season
foraging stratum
migratory distance + winter foraging
stratum
migratory distance + breeding foraging
stratum + winter foraging stratum
winter foraging stratum + breeding
average temperature
winter foraging stratum
breeding foraging stratum
migratory distance
day length
breeding minimum temperature
migratory distance

0.12

0.15

0.15

0.31
0.16

0.38

0.39

0.39

Adjusted R
0.39

0.0318
0.0346
0.0387
0.0458
0.0489
0.0594

0.0219

0.017

0.0119

<.001
0.008

<.001

<.001

<.001

p
<.001

134.1
134.3
134.5
134.8
134.9
135.2

133.1

132.7

131.8

120.4
131

117.9

117

116

AICc
115.9

18.2
18.4
18.6
18.9
19
19.3

17.2

16.8

15.9

4.5
15.1

2

1.1

0.1

0

0
0
0
0
0
0

0

0

0

0.035
0

0.122

0.192

0.317

AIC weight
0.333

2

0.08
0.08
0.07
0.07
0.06
0.06

∆ AIC

Table 1: Top models for extent of prealternate molt and extent of seasonal dichromatism, evaluated using phylogenetic
controlled generalized least-squares regressions. All top models for the evolution of seasonal dichromatism included
prealternate molt, which I infer to act as a predecessor for, not necessarily a driver of, seasonal dichromatism and foraging
stratum. Top models for evolution of the extent of prealternate molt include variables involved in exposure to solar radiation,
through day length experienced or its close proxy, migration distance, or strength of solar radiation.

Response Variable
Extent of Seasonal Dichromatism
Extent of Seasonal Dichromatism
Extent of Seasonal Dichromatism
Extent of Seasonal Dichromatism

Extent of Seasonal Dichromatism
Extent of Seasonal Dichromatism
Extent of Seasonal Dichromatism
Extent of Seasonal Dichromatism
Extent of Seasonal Dichromatism
Extent of Seasonal Dichromatism
Extent of Seasonal Dichromatism
Extent of Seasonal Dichromatism
Extent of Seasonal Dichromatism
Extent of Seasonal Dichromatism
Extent of Seasonal Dichromatism
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model
migratory distance + day length + breeding
solar radiation
day length + breeding solar radiation
migratory distance
migratory distance + breeding solar
radiation
day length + migratory distance
day length + breeding solar radiation +
solar radiation
migratory distance + winter solar radiation
day length
migratory distance + winter solar radiation
day length + solar radiation
migratory distance + solar radiation
day length + breeding precipitation
day length + winter solar radiation
day length + breeding foraging stratum
winter foraging stratum + breeding solar
radiation
day length + breeding minimum
temperature
day length + breeding foraging stratum
day length + winter foraging stratum
0.14

0.16
0.17
0.17
0.17
0.17
0.15
0.2
0.15

0.19
0.21

0.22
0.19
0.2

Adjusted R
0.28

0.0129
0.0352

0.0132

0.0031
0.0057
0.0062
0.0062
0.0064
0.0104
0.0102
0.012

0.0037
0.0043

0.0014
0.0014
0.0025

p
<.001

180.5
182.9

180.5

178.3
178.7
178.9
178.9
179
180
180.2
180.3

177.8
178

175.8
176.7
177

AICc
173.8

6.7
9.1

6.7

4.5
4.9
5.1
5.1
5.2
6.2
6.4
6.5

4
4.2

2
2.9
3.2

0

0.013
0.004

0.013

0.039
0.032
0.029
0.029
0.027
0.017
0.015
0.014

0.05
0.045

0.136
0.086
0.074

AIC weight
0.369

∆ AIC

0.14
0.12

2

Table 2: Mixed model evaluation of predictor variables for the extent of prealternate molt

Response Variable
Extent of Prealternate Molt
Extent of Prealternate Molt
Extent of Prealternate Molt
Extent of Prealternate Molt
Extent of Prealternate Molt
Extent of Prealternate Molt
Extent of Prealternate Molt
Extent of Prealternate Molt
Extent of Prealternate Molt
Extent of Prealternate Molt
Extent of Prealternate Molt
Extent of Prealternate Molt
Extent of Prealternate Molt
Extent of Prealternate Molt

Extent of Prealternate Molt
Extent of Prealternate Molt
Extent of Prealternate Molt
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Figure 4: (a) Relationships between representative subsets of variables
considered, and extent of prealternate molt, and sexual and seasonal
dichromatism. Width of the lines indicates the strength of the correlation
coefficient from a phylogenetic generalized least squares regression. I used
these relationships to construct mixed-model and path hypotheses for drivers
of molts seasonal dichromatism. (b) Top two path models for the evolution and
of seasonal dichromatism, with nearly indistinguishable support values. These
two models only differ in whether migration distance directly affects
prealternate molt, or conditionally affects prealternate molt through day length,
although other lines of evidence provide heuristic support for hypothesis 2.
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response to seasonally variable selection on plumage coloration is not direct, but
rather involves cooption of a preadaptation. I also find that both preformative molt
and sexual dichromatism are not involved in this pathway, and instead follow their
own evolutionary paths. This suggests that in addition to the multiple axes plumage
coloration can evolve along, both molt and dichromatism evolve along separate
evolutionary pathways, for different reasons.
For preformative molt, I find strong phylogenetic signal and shared
evolutionary history among feather tracts. Besides the wing feathers, preformative
molt seems to have evolved before the diversification of warblers, and has remained
largely unchanged since. This pattern is in contrast to a study across many families
of Old World birds, which found a correlation between extent of preformative molt
and breeding latitude (Kiat et al. 2017). I do find some evidence for recent evolution
and convergence in the presence of preformative molt in the primary and secondary
flight feathers, and this is consistent with existing hypotheses that preformative
molt evolved in habitats that increase physical abrasion. I do not find evidence for
any habitat correlates of any aspects of preformative molt, though this may be a
limitation of sample size. Most importantly for this study, I do not find that
preformative molt interacts with prealternate molt or seasonal dichromatism in any
meaningful way, and thus likely operates within an independent evolutionary
context.
I found that prealternate molt is a prerequisite for seasonal dichromatism in
the Parulidae. Path analysis and PGLS support a positive relationship between
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migration distance and its close proxy, day length, and prealternate molt. Stochastic
character mapping shows that transitions to long-distance migration occur before
transitions to prealternate molt. These relationships are even stronger within
feather regions. Phylogenetic ANOVA supports a relationship between migration
distance and presence of prealternate molt in most feather tracts where
prealternate molt is present in the family. The top mixed PGLS models for the extent
of prealternate molt all include variables related to solar exposure. Notably, these
feather tracts are more exposed to the sun than the wing and tail feathers, which are
folded under one another when a bird is perched. The longest-distance migrant in
my data set, the Blackpoll Warbler (Setophaga striata) experiences an average of 1.7
more hours of daylight every day than the resident species with the shortest days,
the Masked Yellowthroat (Geothlypis aequinoctialis), in addition to wear from flying,
and being directly exposed to the sun while migrating. Combined with presence of
prealternate molt in species without seasonal dichromatism, this evidence supports
the hypothesis the prealternate molt evolves principally to replace feathers that
have become worn from exposure to sunlight. Outside this family, the most
extensive prealternate molts known involve of all feathers, and these occur in three
species of very long-distance migrants that breed, winter, and migrate in open,
solar-exposed habitats, e.g. Franklin’s Gull Leucophaeus pipixcan (Howell 2010),
Bobolink Dolichonyx oryzivorus (Renfrew et al. 2011) and Willow Warbler
Phylloscopus trochilus (Underhill et al. 1992). The top two path models shared
similar levels of support from information theory analysis, and only differed in
whether migration distance drives the extent of prealternate molt directly, or
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through an increase in day length, but a model including both direct effects, i.e., both
migration distance and day length drive prealternate molt, showed weaker support.
My interpretation of this result is that the high strength of the relationship between
migratory distance and day length made it difficult for the path model to distinguish
between them, and the presence of other indicators of solar exposure in top PGLS
models for the extent of prealternate molt provide anecdotal support for the model
including day length, and solar exposure in general, as a driver of prealternate molt.
Multiple lines of evidence provide support for prealternate molt as an
evolutionary precursor for seasonal dichromatism (Figure 4). Top PGLS mixed
models for correlates of extent of seasonal dichromatism all include the extent of
prealternate molt (Table 1). In addition, foraging stratum is present in the top mixed
models for the extent of seasonal dichromatism, suggesting a potential link between
foraging stratum and seasonal dichromatism. In wood-warblers, foraging in the
canopy may increase exposure to aerial predators. Outside of this family, some
species (eg Calcarius longspurs, Passer sparrows), take a “shortcut” to seasonal
dichromatism by growing feathers that change colors or pattern as they wear, so
that phenotype changes throughout the year, but does not require an additional
molt. In my study, I find that prealternate molt and canopy foraging precede
seasonal dichromatism temporally, and that these patterns of correlation that exist
for the extent of seasonal dichromatism are repeated across feather regions. In this
context, from the perspective of the evolution of avian coloration along the axes of
sexual selection for striking colors or patterns vs. natural selection for cryptic
plumage, prealternate molt acts as Gould and Lewontin’s (1979) “Spandrels of San
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Marco”, a structure that exists for a separate function (to replace worn feathers), but
can be coopted for a novel function (seasonal dichromatism). This analogy
especially poignant in this system, because these spandrels were constructed for
structural support, then used for coloration, just as feathers grown during the
prealternate molt of warblers are grown to replace structurally worn feathers, and
then coopted for phenotype alteration.
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CHAPTER 4: FEATHER GROWTH RATE INCREASES WITH LATITUDE IN FOUR
SPECIES OF WIDESPREAD NEOTROPICAL BIRDS
INTRODUCTION
Life history in vertebrates follows a pattern of increased pace of life at higher
latitudes (Ricklefs and Wikelski 2002), with a slower pace of life in the tropics
(Wiersma at al. 2007). This latitudinal gradient in pace of life history is thought to
be the result of tradeoffs involved in seasonality of resources (Martin 1987),
predator avoidance (McKinnon et al. 2010), and longevity (Martin 2002, Ricklefs
1980). Latitudinal gradients in some aspects of life history in animals, such as
reproduction (Martin et al. 2006), migration (Alerstam et al. 2003, Ketterson and
Nolan 1983), and hormonal concentrations (Silverin et al. 1997, Breuner et al. 2003)
have received the attention of recent studies, especially in birds (Martin 2004). The
compressed productive period in temperate zones compared to tropical zones
results in birds that breed during a shorter period than in the tropical zones
(Wyndham 1986).
When reproduction is accelerated in higher latitudes, it could be due to an
increase in time invested in events related to adult survival, or compression of all
life history events because of seasonality of resources. The major, ubiquitous event
that birds undergo for adult survival is an annual, complete molt that replaces their
feathers (Stresemann and Stresemann 1966). To date, there has been little research
into latitudinal variation in the pace of this molt.
Feathers are important for flight, thermoregulation, crypsis, signaling, and
other functions in birds, and feathers must be replaced regularly to maintain
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function. Birds likely face a tradeoff in feather growth rates, in that faster growth
rates in individual feathers may result in lower-quality feathers (de la Hera at al.
2009), while higher-intensity molts result in compromise of feather utility
(Guillemette et al. 2007). Birds that invest highly in reproduction in seasonal
latitudes may also molt feathers that are weaker or duller when beginning
migration (Norris et al. 2004). In birds with a limited molting season, a slow molt
may continue past the end of summer resource availability or overlap with
migration, which may be costly by compromising flight ability (Swadlle et al. 1997),
or misappropriation of internal energy reserves (Merilä 1997). In contrast, tropical
birds, which live in less seasonal habitats, may not experience such constraints.
The pace of feather growth varies allometrically with body mass among
species (Rohwer et al. 2009), and may be linked to basal metabolic rate (Lindstrom
et al. 1993, Klaassen 1995), which covaries among species with body mass. Some
evidence indicates that variation in basal metabolic rates within species is linked to
latitude and temperature in birds (Daan et al. 1989, Scholander et al. 1950).
Whether high latitude species compress the molting period by increasing molt
intensity or the pace of feather growth is unknown, though both feather growth rate
and molt intensity have mechanistic limits. The variation of timing of molt within
species throughout their ranges has received little study (Mewaldt and King 1978,
Holmes 1971). The shortest known complete molt occurs over a period of ~28 days
in the high-arctic breeding Snow Bunting (Plectrophenax nivalis) (Green and
Summer 2009), and the longest known complete molt is in the tropical understory
resident White-plumed Antbird (Pithys albifrons). White-plumed Antbirds have
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been detected in molt throughout the year and individual molts may be quite
protracted (Johnson et al. 2012). What has received little study is whether latitude
influences pace of feather growth within species throughout their range (Hemborg
et al. 2001, Williamson and Emison 1971).
I hypothesized that increased seasonality of resources causes resident birds
will show an increased pace of feather growth at higher latitudes. Alternatively,
feather growth rate may be influenced by body mass, as it is among species (Rohwer
et al. 2009), or it may be primarily influenced by climate suitability. Some evidence
suggests birds in lower-quality habitats show reduced feather growth rates on a
local scale (Stratford and Stouffer 2001, Brown et al. 2002). Experimental studies
have provided some evidence that that nutritive stress reduces feather growth rates
(Grubb 1989, but see Murphy and King 1991), thus, birds inhabiting lower quality
portions of their range may show reduced feather growth rates. These hypotheses
fall into two main categories: (1) that feather growth rates within species
throughout their ranges are influenced by the latitudinal pace in life-history events;
or (2) that variation in feather growth rates within a species is primarily a plastic
response to body mass or the environment.
To test these hypotheses, I used ptilochronology (Grubb 1989) to measure
the pace of rectrix growth in widespread Neotropical birds in museum collections
specimens. I then examined the effects of latitude, body mass, and bioclimatic
variables on feather growth. To investigate the geographic patterns of feather
growth rates within species, I chose to examine four species that have large ranges
that spans a latitudinal gradient in both Northern and Southern hemispheres, do
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not migrate, and are common in museum collections: Piaya cayana, Taraba major,
Cyclarhis gujanensis, and Zonotrichia capensis I investigated the effects of climate
suitability on feather growth rate by constructing species distribution models using
an independent occurrence dataset, and I compared feather growth rates to
predicted climate suitability scores at each site.

METHODS
I conducted all statistical analyses and data manipulation in R version 3.3.1
(R Core Team 2016).

Feather growth rate measurements
I measured feather growth rates using ptilochronology (Grubb 1989).
Feathers show patterns of nonpigmented growth bars that result from slightly
different growth during the day and night, and each pair of bars represents 24 hours
of growth. I measured the rate of feather growth in rectrices of museum specimens
by taking a photograph of the tail using a Canon EOS 7D digital camera with 100mm
Canon lens, while adjusting lighting either with a ring flash or external bulbs to
maximize visibility of growth bars. In each photograph, I placed a metric ruler in
each photograph next to the specimen, the same distance from the lens as the
feathers. I then imported each photo into image processing software (imageJ;
Abràmoff 2004) and calibrated a linear measuring device to mm using the ruler in
the photo. I measured five sets of dark and light bars from approximately the center
of the rectrix. Feather growth bars cluster near the end of rectrices; therefore I did
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not take measurements from near the tips of feathers. I also excluded any specimens
with obvious fault bars, which are extremely weak bars across feathers. Using this
method, I measured 1723 specimens at the LSU Museum of Natural Science, the
National Museum of Natural History at the Smithsonian, the Field Museum of
Natural History, the Western Foundation of Vertebrate Zoology, the University of
Florida, the Natural History Museum of Los Angeles County, and the Museu de
Zoologia da Universidade de São Paulo.

Geolocation
For specimens without coordinate data, I used the program GEOlocate (Rios
and Bart 2010) to find coordinates for localities by importing the locality from
VertNet (Guralnick and Constable 2010) or directly from the specimen label. For
each specimen, I verified each locality by checking for accuracy of the locality string
with Google maps and the GEOlocate web app, and I corrected misplotted localities
manually in cases where GEOlocate searched for the wrong part of the locality
string, or misinterpreted directions from towns or localities. Of the 1723 specimens
I measured, I geolocated 1108 specimens.

Species analyzed
For spatial analysis, I tested the distribution of feather growth rates for individuals
with geolocated localities by species for normality of distribution using a ShapiroWilk test (Shapiro and Wilk 1965), and I only included species with normally
distributed feather growth rates among specimens with locality data in spatial
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analysis. I removed two outliers from Zonotrichia capensis that were far above the
distribution of feather growth rate for this species, and thus likely resulted from
measurement or data entry error. I did not measure specimens with obvious fault
bars, because the effects of fault bars on growth bars are poorly known, and a fault
bar represents a disruption in the normal growth pattern of a feather. Some species
(i.e. Taraba major) are easier to age than others (i.e. Piaya cayana) by molt limits
and external characters; and many specimens lacked skull ossification,
reproductive, or bursa data that would be useful for aging. Therefore, I compared
the feather growth rates of adult and first year birds in specimens with age data of
three species (Zonotrichia capensis, Taraba major, and Cyclarhis gujanensis), using a
student’s two-sample t-test, which is robust to the small sample sizes (Figure S1) in
the number of juveniles sampled (de Winter 2013). I found no consistent difference
in mean growth rate between age classes. Therefore I included all age classes in this
analysis to increase sample size, with the justification that including first year birds
may increase the noise in the data set, but should not skew the data.
I tested the effect of latitude on growth rates by constructing linear models of
the rate of feather growth and the absolute value of latitude. I evaluated these
models with the adjusted R2 and p values of each models. I also constructed linear
models to test alternative hypotheses for the rate of feather growth. I evaluated
body mass from label data on specimens and constructed linear models for body
mass between species by comparing all species with individual mass data to log of
feather growth rate, to test the allometric relationship between body mass and
feather growth rates between species (Rohwer et al. 2009). I converted these values
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to log values to fit linear models to the nonlinear allometric relationship known
between body mass and feather growth rate. I compared growth rate to body mass
for individual birds, and the mean body mass for each of nine species, obtained from
the amniote life history database (Myrhvold et al. 2015). Because this comparison
was between species and used mean body mass by species, I was not limited to
normally distributed within species data in this analysis. I incorporated all species
for which I obtained feather growth rate measurements, I also evaluated the
interspecific relationship of body mass and growth rate by constructing linear
models between body mass and feather growth rate within each species with
adequate body mass measurements. Resident tropical birds generally carry little
subcutaneous fat, and so I assumed that subcutaneous fat would not be a
confounding factor in body mass. I conducted a Shapiro-Wilk test of normality on
specimens with body mass and feather growth data; which showed both variables to
be normally distributed in two species: Piaya cayana and Zonotrichia capensis. I then
conducted interspecific mass analyses on these two species.
I tested the effects of climate suitability on feather growth rate by
constructing species distribution models for each of the four focal species. I
constructed these distribution models using data from eBird (Sullivan et al. 2009). I
downloaded the full eBird data set and applied various data quality filters i.e. I
excluded all checklists that covered more than 10 km, all invalidated records, and all
records from observers who had not recorded multiple sightings of that species in
the database, to exclude records from observers who may not be familiar with each
species. I then plotted the remaining records, any removed and remaining records in
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dubious locations to generate presence points for each species. I downloaded the
BioClim dataset (Hijmans et al. 2004) of 19 bioclimatic variables, and constructed
species distribution models using the eBird localities and the BioClim variables in
the package dismo (Hijmans et al. 2016), following the approach of Godsoe et al.
(2009). I used the eBird data to maintain a separate spatial dataset from the growth
data, to compare the two separate datasets and to minimize autocorrelation
between points. I then extracted climate suitability scores from the species
distribution model at each point where I obtained a geolocated feather growth
measurements, and constructed linear models to evaluate the relationship between
climate suitability and feather growth rate. To evaluate whether feather growth rate
responds to any individual variable, I constructed linear models between growth
rate and each of the 19 Bioclimatic variables and elevation.

RESULTS
Feather growth rate data quality
I geolocated and measured the rate of rectrix growth with a large enough sample
size to follow a normal distribution in each of the four species. These were: Cyclarhis
gujanensis (n = 234, p(norm) = 0.004), Piaya cayana (n = 400, p(norm) < 0.001),
Taraba major (n = 186, p(norm) = 0.001), and Zonotrichia capensis (n = 348,
p(norm) = 0.002). There were no consistent age-related effects between individuals
with age data across the three species, although one species, Zonotrichia capensis,
showed a small but significant decrease in growth rates in first-cycle birds (Taraba
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major t = -0.61, df = 3.37, p = 0.58; Cyclarhis gujanensis t = -0.78, df = 7.65, p = 0.46;
Zonotrichia capensis: t = 2.56, df = 70.78, p = 0.012; ).

Feather growth rate and body mass
I used linear models to compare body mass to feather growth in all individuals with
measurements of feather growth and body mass data. Two species had large
samples sizes of growth rate and body mass data, and of those, only one showed
normally distributed data of both variables: Zonotrichia capensis (n = 109,
p(norm:growth) = 0.008, p(norm:mass) < 0.001 ), although Piaya cayana was nearly
normally distributed (n = 52, p(norm:growth) = 0.1 , p(norm:mass) = 0.1). Body
mass and feather growth were not significantly related in either species (Zonotrichia
capensis: p = 0.8; Piaya cayana: p = 0.62). To compare body mass and feather growth
between species, I compared the feather growth rate of all individuals measured to
the mean body mass from the species, and then log-transformed feather growth rate
and body mass to account for the allometric relationship between these two
variables. Feather growth rate was highly correlated with mean body mass of a
species, when I compared the log function of each among nine species (n=1723,
adjusted R2 = 0.70, p < 0 .001).

Range dynamics and feather growth
Using linear models, I found a significant, positive relationship between
feather growth rate and latitude in all four species (Figure 1). The predictive power
of latitude was low, but the probability of rejecting a null relationship was high. This
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means that although latitude is likely not a main driver of variation in feather
growth rates, the range of feather growth rates within a species does shift with
latitude, and the confidence in this relationship is high (Piaya cayana: adj. R2 = 0.05,
p < 0.001, Taraba major: adj. R2 = 0.02, p = 0.005, Cyclarhis gujanensis: adj. R2 = 0.07,
p < 0.001; Zonotrichia capensis adj. R2 = 0.21, p < 0.001). Well-sampled sites
exhibited large amount of the variance of the whole dataset. (i.e. Corrientes,
Argentina: Cyclarhis gujanensis SD = .288, n=66, full Cyclarhis gujanensis dataset SD
= .33, n=234; Corrientes, Argentina: Zonotrichia capensis SD = .303, n=75, full
Zonotrichia capensis dataset SD = .429, n=348), and this within-site variance
accounts at least partly for the weak geographic correlation coefficients.
I tested alternative hypotheses concerning plasticity in feather growth rates
from environmental conditions in the four focal species by comparing feather
growth rates to climatic suitability, elevation, and 19 bioclimatic variables. I
estimated climate suitability using the suitability at each site predicted by species
distribution models. When I tested whether birds in sites with lower climate
suitability showed reduced feather growth rate, I found no evidence to reject a null
model of no relationship between the two variables (Piaya cayana: p = 0.40; Taraba
major: p = 0.71; Cyclarhis gujanensis: p = 0.1). However, Zonotrichia capensis showed
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Figure 1: The localities and feather growth rates of 1108 specimens of four species
of widespread, resident neotropical birds. I measured feather growth rates
throughout the ranges of these species, and compared them to climate suitability
6
and latitude to4 test whether geographic
variation in feather growth rates is mostly
driven by climatic suitability, or latitudinal gradients in life history. I found that
feather growth rates consistently increase with latitude in all four species, and are
not related to climate suitability.
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a negative relationship between climate suitability and growth rate (adj R2 = 0.11, p
< 0.001), which may have resulted from clustering of growth data on the high end of
climate suitability in the Andes, where I observed lower rates of growth with high
elevation, but high climate suitability scores.
I found that five of the 19 BioClim variables showed weak but significant
correlations with feather growth rates across all four species, all variables
associated with seasonality (Table 1). These variables are isothermality,
temperature seasonality, minimum temperature of the coldest month, temperature
annual range, and mean temperature of the coldest quarter. These variables all
involve seasonality of temperature, which could be evidence that increased
seasonality drives feather growth rates across latitudes. Zonotrichia capensis
showed a pattern of declining feather growth rates with elevation (adj. R2 = .23,
p<.001) , and no other species showed a relationship between elevation and feather
growth rate (Taraba major: p = 0.66, Cyclharis gujanensis: p = 0.14, Piaya cayana: p =
0.43)

DISCUSSION
I found that feather growth rate increases with latitude in all four species.
Although the correlation is weak, the confidence in the nonzero slope of the
relationship is high. One explanation for this weak correlation is that at any given
latitude there is variation in feather growth rate within species (Figure1). This
within-site variation is likely in response to various factors, and may be a plastic
response to food availability or external conditions, as has been shown in various
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laboratory experiments (Grubb 1989). However, I detected a consistent shift in the
distribution of feather growth rates by species with latitude, and I found little
support for other hypotheses regarding the spatial distribution of feather growth
rates across ranges. I interpret this as evidence that feather growth rate follows the
general latitudinal gradient seen in other life-history traits of a slower pace of life
towards the tropics (Wiersma et al. 2007, Wikelski et al. 2003). Furthermore, I
found that feather growth rate correlates with five bioclimatic variables that are all
associated with seasonality.
I found no association between predicted climatic suitability and feather
growth. Combined with the within-site variation in feather growth rate, this result
suggests that large-scale climatic suitability is not a main driver of feather growth
rates in birds. Although birds may respond to proximate stressors by decelerating
feather growth, there is either no consistent geographic structure to external
stressors or local adaptation is strong enough that climatic conditions affect
different populations of species differently, or both. Much more research is needed
into the biogeography of stress response and the physiological consequences of
local adaptation to answer this question.
Body mass analysis confirmed the finding in Rohwer et al. (2009) that body
mass is tightly linked to feather growth rate in an allometric relationship. Their
study only used few individuals for each species, and by including larger sample
sizes, I found that this pattern is consistent across four species throughout their
ranges. I also found no relationship between body mass and feather growth rate
within species, which I interpret as evidence that body mass does not drive
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variation in feather growth rate within species, as it does between species. This
pattern is similar to the way that basal metabolic rate interacts with body mass in
birds (Daan at al. 1990, Bennett and and Harvey 1987). A plausible mechanistic
explanation, therefore, for the latitudinal gradient in feather growth rates may be
that birds at higher latitudes have higher basal metabolic rates. This is consistent
with evidence for relationships between temperature and precipitation and basal
metabolic rates in birds (White et al. 2007, Scholander et al. 1950, Williams and
Tieleman 2000) and mammals (Lovegrove 2003). Lindström et al. (1993) found
evidence that basal metabolic rate is proportional to the cost of feather production
within two species of birds. Indeed, the five bioclimatic variables consistently
correlated with feather growth rate across species all included temperature and
were related to seasonality. However, elevation, which is a driver of low
temperatures even at tropical latitudes, did not increase feather growth rate, and
the one species that showed a response to elevation, Zonotrichia capensis, showed a
marked decrease in feather growth rate with increased elevation.
I found that birds at higher latitudes tend to grow their feathers at a faster
rate than conspecifics closer to the equator. This pattern agrees with life-history
theory, which posits that pace of life history traits in animals tends to accelerate in
seasonal environments. Further work into individual variation in basal metabolic
rate and feather growth rate between temperate and tropical sites is needed to
understand whether the latitudinal gradient in feather growth rates is a
programmed response to seasonality or a fixed byproduct of increased basal
metabolic rate.
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Table 1: The strengths of correlations of bioclimatic variables and elevation to feather growth rates. I tested whether any
individual bioclimatic variables may have predictive power for feather growth rates in these species.
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CHAPTER 5: CONCLUSIONS
My main goal in this dissertation was to address why different birds have
different strategies for molting their feathers, and what the consequences of those
molt strategies are for birds. I have found evidence that molt strategies are closely
tied to birds’ life histories and evolution.
In my first chapter, I found that simultaneous wing molt interacts with the
loss of flight byt hrough adaptations for surviving a flightless molting period that
then serve as preadaptations for a flightless lifestyle. Bird’s anatomies are highly
constrained for flight, and birds that lose flight go through rapid morphological
changes after losing flight, including relaxation of constraints on body mass,
musculature, and limb, cranial, and pelvic morphology. All of this is precipitated by
the birds’ molt strategies. This molt strategy, a simultaneous wing molt, has long
term, profound effects on many aspects of birds’ biology.
My second chapter focused on how wood-warblers change their plumage
coloration within the year. I find that a secondary molt has evolved that allows these
birds to grow feathers with different colors within the year. My results show that
this molt does not evolve directly for plumage alteration, however. This molt
appears to evolve to replace worn feathers, and then can be coopted for phenotype
change. These results demonstrate how molt strategy links life history and
phenotype evolution by providing both a response to external pressures such as
increased feather wear and a platform for phenotype alteration; which is likely a
response to differential selection within a birds’ annual cycle. Most importantly, this
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chapter demonstrates how a trait that evolved in response to one selective pressure
can serve as a vehicle for an evolutionary response to an entirely different selective
pressure.
Finally, I investigated whether the rates of feather growth show broad-scale
geographic distribution. Latitudinal gradients in pace of life-history events are well
known, especially with respect to reproductive effort, but events related to adult
survival are not well studied. I found a consistent increase in feather growth rate
with latitude in four widely distributed, non-migratory Neotropical birds. This is the
first well-documented example of geographic variation in feather growth rate in
birds. These results suggest that constraints on molt timing vary by latitude. I
further posit two non-exclusive mechanistic hypotheses for this pattern, (1) that
feather growth is accelerated to compensate for increasingly seasonal resources, or
(2) that feather growth is tightly linked to basal metabolic rate, which then may
show a latitudinal gradient and produce this result.
Feather molt strategies reflect the needs birds have for different feathers
within and among species, and throughout birds’ annual cycles. I find evidence that
these molt strategies have profound implications for the evolutionary trajectories of
birds.
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APPENDIX A: SUPPLEMENTAL MATERIAL FOR CHAPTER 2
Table A1: Transition parameters estimated in BayesTraits for loss of flight.
Loss of flight in lineages without simultaneous molt is represented as q13,
and loss of flight in lineages with simultaneous molt is represented as q24. In
all tree sets, the transitions rate paramater of loss of flight in lineages with
simultaneous molt is significantly higher than in lineages without
simultaneous molt.
Tree
Burleigh
Jetz Gene
Jetz Gene + Flightless
Jetz All
Jetz All + Flightless

mean q13
SD q13
mean q24
SD q24
0.0442652 0.01313523
2.337645
0.5023792
4.93E-05
6.69E-05
0.0747478 0.03039133
9.46E-05
2.04E-05
0.0092253 0.001869308
0.000102422
3.81E-05 0.005022478 0.001629822
0.000127951 0.000504016
0.5335714
0.3020599

Table A2: Model strings visited by the reverse-jump Markov Chain Monte Carlo
(rjMCMC) in BayesTraits. Each character represents a parameter restriction
category for transition rates between gain and loss of flight and simultaneous
molt, with “Z” representing a restriction to 0, and the integers representing
parameter restriction bins. Parameters in the same bin are restricted to
equivalent values, and bin number is not related to parameter value. The
parameters of interest, q13 and q24, are represented in the second and fourth
character, and q13 is often estimated at zero, and always in a different bin than
q24. The frequency of model visits can be interpreted as posterior support for
each model. All models presented are models of dependent evolution. While
models of independent evolution were never visited by the reverse-jump
Markov chain, other chains were restricted to an independent model of
evolution.

Model string
'0 0 1 1 1 0 1 1
'0 0 1 1 1 0 1 0
'0 0 1 1 1 1 1 1
'0 0 1 1 1 Z 1 0
'0 0 1 1 1 0 1 Z
'0 0 1 1 1 0 0 0
'0 0 1 1 1 0 Z Z
'0 0 1 1 1 1 1 0
'0 0 1 1 1 1 0 1

count
346
153
96
57
55
45
39
34
32

tree
Burleigh
Burleigh
Burleigh
Burleigh
Burleigh
Burleigh
Burleigh
Burleigh
Burleigh
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Table S2 continued
Model string
count
'0 0 1 1 1 Z 1 Z
'0 Z 0 1 Z Z 2 3
'0 Z 0 1 0 0 2 3
'0 0 0 1 0 0 2 3
'0 0 0 1 Z Z 2 3
'0 Z 0 1 Z 0 2 3
'0 0 0 1 Z 0 2 3
'0 0 Z 1 Z Z 2 3
'0 Z Z 1 Z Z 2 3
'0 Z 0 1 0 Z 2 3
'0 Z Z 1 Z 0 2 3
'1 1 1 0 1 2 1 2
'2 2 2 1 2 3 0 4
'1 1 1 0 1 2 0 2
'2 2 2 1 2 3 0 3
'2 2 2 1 2 4 0 3
'1 1 Z 0 Z 2 Z 2
'1 1 1 0 0 2 1 2
'2 2 2 1 Z 3 0 4
'2 2 2 1 1 3 0 3
'2 2 Z 1 Z 3 0 4
'0 0 0 1 0 1 2 2
'0 0 0 1 Z 1 2 2
'0 0 0 2 0 2 1 1
'0 0 0 2 Z 2 1 1
'0 0 Z 1 Z 1 2 2
'0 0 Z 1 0 1 2 2
'0 0 0 1 0 1 2 3
'0 0 0 1 0 1 3 2
'0 0 0 1 Z 1 3 2
'0 0 Z 1 Z Z 2 0
'0 0 Z 1 Z 0 2 0
'2 Z 0 1 Z Z 3 1
'0 0 0 1 Z Z 2 0
'2 Z 0 1 1 Z 3 1
'0 0 0 1 0 0 2 0
'0 0 0 1 0 Z 2 0
'0 0 Z 1 0 0 2 0
'2 Z 0 1 Z 1 3 1
'3 Z 2 3 Z Z 0 1

22
287
209
168
158
87
21
16
14
9
8
154
101
82
73
65
42
34
34
28
28
622
321
31
9
9
4
2
1
1
352
216
109
79
71
43
22
20
12
11

tree
Burleigh
Jetz Gene
Jetz Gene
Jetz Gene
Jetz Gene
Jetz Gene
Jetz Gene
Jetz Gene
Jetz Gene
Jetz Gene
Jetz Gene
Jetz All
Jetz All
Jetz All
Jetz All
Jetz All
Jetz All
Jetz All
Jetz All
Jetz All
Jetz All
Jetz Gene + Flightless
Jetz Gene + Flightless
Jetz Gene + Flightless
Jetz Gene + Flightless
Jetz Gene + Flightless
Jetz Gene + Flightless
Jetz Gene + Flightless
Jetz Gene + Flightless
Jetz Gene + Flightless
Jetz All + Flightless
Jetz All + Flightless
Jetz All + Flightless
Jetz All + Flightless
Jetz All + Flightless
Jetz All + Flightless
Jetz All + Flightless
Jetz All + Flightless
Jetz All + Flightless
Jetz All + Flightless
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Sphenisciformes

Apterygiformes

Casuariiformes

Rheiformes

Struthioniformes

taxon

Aepyornithidae

Spheniscidae

Apterigidae

Rheidae
Casuariidae,
Dromaiidae

Struthionidae

family

late pleistocene

1000 AD

extant

extant

extant

extant

most recent
occurrence

notes
molt not
sequential
molt not
sequential
molt not
sequential
molt not
sequential
molt not
sequential
all flightless,
Omitted due to
phylogenetic
uncertainty
Flighlessness based
on small pectoral
elements

Harshman et al. 2008

Harshman et al. 2008

Harshman et al. 2008

4

4

2

1

18

4

2

2

1

0

18

4

4

2

1

1

0

18

4

4

2

1

Jetz +
Flightless

Harshman et al. 2008

18

0

0

Jetz
All

Harshman et al. 2008

0

0

Jetz
gene

Harshman et al. 2008

0

Burleigh

Millener and Worthy 1991

citations

Table S3: Flightless birds represented in the tree sets used in this analysis. Species not in the Burleigh and Jetz gene-only trees
were added to the Jetz trees (Jetz et al. 2012) using a soft taxonomic inference method by employing a birth-death polytomy
resolver. Species in extant genera were added randomly to their genus iteratively in each pseudo-posterior tree. Species in
extinct genera were added randomly to their family in the trees, and multiple species in extinct genera were added randomly
to their family but as sisters to retain monophyly of the genus. Flight ability was assessed from the descriptions of the taxa.
Because simultaneous molt is generally conserved within avian families, molt strategies extinct taxa were inferred from the
molt strategy of extant congeners or confamilials.

Aepyornithifornes

Acanthisittidae

extant

Dendroscansor
decurvirostris
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Pinguinus impennis

Pachyplichas
yaldwyni

Pachyplichas jagmi

Traversia lyalli

taxon

Anatidae

Alcidae

Acanthisittidae

Acanthisittidae

Acanthisittidae

family

extant

1844 Ad

pleistoceneholocece

pleistoceneholocece

1900 AD

most recent
occurrence

Table S3 continued:

Anas aucklandica

notes
observed to be
flightless when
extant briefly, but
Rothschild (1907)
and Millener (1989)
states that it was
flightless from
skeletal structure
Flighlessness based
on small pectoral
elements
Flighlessness based
on small pectoral
elements
Did not include
Miocene-Pleistocene
Mancallinae;
Pinguinus Flightless
from observations in
life
A. a chlorotis volant - aucklandica and
nesotis flightless, so
included as separate
tips
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0

0

0

0

0

0

1

1

1

1

Jetz +
Flightless

Galbreath and
Brown 2004,
Millener 1988

0

0

0

1

Jetz
All

Millener 1988

0

0

1

Jetz
gene

Millener 1988

1

1

Burleigh

Livezey 1988

1

citations

McNab 1994a

Cnemiornis gracilis

Cnemiornis calcitrans

Tachyeres
brachypterus

Tachyeres pteneres

Anas nesiotis

taxon

Anatidae

Anatidae

Anatidae

Anatidae

Anatidae

Anatidae

family

~1000 AD

undated
subfossils
13th-15th
century

13,500 yBP

extant

extant

extant

most recent
occurrence

flightless based on
skeletal structure

"probably flightless"

Flightless by
observation

notes
A. a chlorotis volant - aucklandica and
nesotis flightless, so
included as separate
tips

Table S3 continued:

Anas chathamica

Anatidae

Flightless by
observation
Flightlessness based
on skeletal stucture small keel and
reduced wings
Flightlessness based
on skeletal stucture small keel and
reduced wings

Chelychelynechen
quassus
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1

1

1

0

1

1

1

0

0

1

1

1

1

1

1

1

1

1

Jetz +
Flightless

0

0

0

1

Jetz
All

0

0

0

Jetz
gene

McNab 1994a
Livezy and
Humphrey
1986, Fulton et
al. 2012
Livezy and
Humphrey
1986, Fulton et
al. 20121

1

0

Burleigh

Worthy et al.
1997

0

citations

Worthy et al.
1997
Mitchell et al.
2014
Sorenson et al.
1999, Olson
and James
1991

Talpanas lippa

Chendytes lawi

Chendytes milleri

Thambetochen xanion

Thambetochen
chauliodous

Ptaiochen pau

taxon

Anatidae

Anatidae

Anatidae

Anatidae

Anatidae

Anatidae

Anatidae

family

~1400 AD most
recent
radiocarbon
dated bone

"Mid to late
holocene"

~2,400 yBP

~1000 AD
pleistoceneholocece

~1000 AD

~1000 AD

most recent
occurrence

Table S3 continued:

Branta hylobadistes

notes
flightless based on
skeletal structure
ancient DNA flightless based on
skeletal
flightless based on
skeletal structure
flightless based in
skeletal structure
flightless based in
skeletal structure
thought to be
flightless from poor
eyesight and short,
stout
tarsometatarsus
"this species was
flightless or at most
capable of only weak
flight" based in
skeletal characters
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citations
Sorenson et al. 1999,
Olson and James
1991
Sorenson et al. 1999,
Olson and James
1991
Sorenson et al. 1999,
Olson and James
1991

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

1

1

1

1

1

1

1

Jetz +
Flightless

Livezey 1993

0

0

0

Jetz
All

Jones et al. 2008

0

0

Jetz
gene

Iwaniuk et al. 2009

0

Burleigh

Paxinos et al. 2002

Aptornis
otidiformis

Cygnus falconeri
Rota Flightless
Duck

Anas pachyscelus

Chenonetta
finschi

taxon

Aptornithid
ae

Aptornithid
ae

Anatidae

Anatidae

Anatidae

Anatidae

family

extinct

extinct

extinct

Last interglacial
based in pygmy
mammoth bones
associated

Cenozoic

<1,000 yBP

most recent
occurrence

Table S3 continued:

Aptornis
defossor

notes
Flightless based on
skeletal characters,
though Holdaway et
al. 2002 suggest
weak flight possible
Known from one
tarsometatarsus
from cenozoic
flightlesness based
in size, ankle
morphology,
absence of terrestial
predators in
associated
sediments, and
insular ecology
"probably flightless"
Omitted due to
phylogenetic
uncertainty
Omitted due to
phylogenetic
uncertainty

0

0

0

0

0

0

0

0

0

1

1

1

1

Jetz +
Flightless

citations
Worthy (1988) suspected
that earlier fossils with
longer wings were partially
flighted birds, and late
holocene fossils were from
after a rapid loss of flgiht in
the species

0

0

0

Jetz
All

Wetmore 1960

0

0

0

Jetz
gene

Northcote 1982
Steadman 1990, McNabb
1994

0

0

Burleigh

0

0

0

0
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Dysmoropelia
dekarchiskos

Natunaornis gigoura

Pezophaps solitaria

Raphus cucullatus

Leptoptilos robustus

taxon

Dromornithidae

Columbidae

Columbidae

Columbidae

Columbidae

Ciconiidae

family

"probably holocene"

1730-1750

1866-1715

850 kyr - Late
Pleistocene

most recent
occurrence

Table S3 continued:

Dromornithidae

Emberizidae

mid-late (?)
pleistocene
50,000 yBC coincided with
human arrival
<2,000 yBP. unclear
if first colonization
(2,000 ya) or
European
colonization caused
extinction

Emberiza alcoveri

Shapiro et al.
2002

Meijer et al.
2010

1

1

0

0

0

0

0

0

0

0

0

0

1

1

1

1

1

Jetz +
Flightless

Shapiro et al.
2002

0

0

0

Jetz
All

Worthy 2001

0

0

0

Jetz
gene

Olson 1975

0

0

Burleigh

0

0

citations

notes
Large body size and
thick tibiotarsus
compared to genus
"implies a reduced
flight capacity" and
authors assume
flightlesness
Flightlessness
observed by
explorers
Flightlessness
observed by
explorers
Flightlessness based
on skeletal
characters
flightless based on
"disproportionally
small wings and
pectoral girdle"
Omitted due to
phylogenetic
uncertainty

Rando et al.
1999

1

Flightlessness based
on skeletal stucture small keel and
reduced wings
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Rollandia
microptera

Podiceps
taczanowskii

Phalacrocorax
harrisi

Megavitiornis
altirostris

Grus cubensis

Caracara tellustris

taxon

Podicipedidae

Podicipedidae

Podicipedidae

Phalacracoracid
ae

Megapodidae

Gruidae

Falconidae

family

1970-1982

extant

extant

extant

likely went extinct
with human
colonization

late pleistocene

holocene subfossils
- may have survived
until european
coloniation

most recent
occurrence

Table S3 continued:

Podilymbus gigas

notes
Flight unclear "probably almost
completely
terrestrial in habits if
not even flightless"
Flightlesnness
probable due to
stocky hindlimb,
reduced wing and
pectorl girdle
flightless based on
highly reduced wing
and pectoral girdle
elements
Flightless by
observation of live
birds
Flightless by
observation of live
birds
Flightless by
observation of live
birds
Flightless by
observation of live
birds
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Olson 1978

Olson 2008

0

0

0

0

0

0

0

1

1

0

0

0

1

1

1

1

1

1

Jetz +
Flightless

Worthy 2000

1

0

1

1

Jetz
All

Livezey 1992

0

0

0

Jetz
gene

Livezey 1989

0

0

Burleigh

Livezey 1989

0

citations

Hunter 1988

Porzana atra

Rallus okinawae

Rallus cyanocavi

Gallirallus australis

Lophopsittacus
mauritianus

taxon

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

Psittacidae

family

extant

extant

extant

extant
"uncertain
whether R.
cyanocavi
survived into the
Holocene"

extinct

most recent
occurrence

Table S3 continued:

Dryolimnas cuvieri
aldabranus

McGowan 1986

0

0

1

0

1

0

1

0

1

0

0

1

0

1

1

1

1

1

0

Jetz +
Flightless

Steadman et al.
2013

0

0

0

Jetz
All

Ozaki et al. 2010

0

0

Jetz
gene

Jones et al. 1995,
Slikas et al. 2002

0

Burleigh

notes
Omitted Flightlessness
unclear but early
observations by
explorers claimed it
could fly
Flightless by
observation of live
birds

Wanless et al. 2008

citations

flightless based on
highly reduced wing
and pectoral girdle
elements
perhaps can fly
weakly
Flightless by
observation of live
birds
cuvieri volant,
aldabranus flightless
and abbotti flightless
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Habroptila wallaci

Pareudiastes
silvestris

Aramidopsis plateni

Gallinula pacifica

Antlantisia rogersi
Nesoclepus
woodfordi

taxon

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

family

extant

extant

extant

extant

1870 - but may
persist

extant

extant

most recent
occurrence

Table S3 continued:

Lewinia muelleri

LoI 1928

0

0

0

0

0

0

0

0

0

1

0

1

0

0

0

1

1

1

1

1

1

1

Jetz +
Flightless

IUCN Red List

0

0

1

Jetz
All

IUCN Red List

0

0

Jetz
gene

IUCN Red List

0

Burleigh

notes
Flightless by
observation of
live birds

IUCN Red List
del Hoyo et al. Handbook of the
Birds of the World
del Hoyo et al. Handbook of the
Birds of the World

citations

extant
Flightless by
observation of
live birds
Flightless by
observation of
live birds
Flightless by
observation of
live birds
Flightless by
observation of
live birds
Flightless by
observation of
live birds
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Cyanolimnas cerverai

Gallirallus lafresnayus

Gallirallus sylvestris

Gallirallus owstoni

Gallinula nesiotis

taxon

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

family

extant

extant

extant

extant

extant

extant
exinct in wild some remain in
zoos and
introduced to
other islands

Table S3 continued:

Tribonyx mortieri

Rallidae

most recent
occurrence

Porhpyrio
hochstetteri

0

0

1

1

0

0

0

0

1

1

1

0

0

1

0

1

1

1

1

1

1

1

1

1

1

Jetz +
Flightless

0

1

Jetz
All

citations
del Hoyo et al. Handbook of the Birds of
the World

0

Jetz
gene

notes
Flightless by
observation of live
birds

del Hoyo et al. Handbook of the Birds of
the World
del Hoyo et al. Handbook of the Birds of
the World
del Hoyo et al. Handbook of the Birds of
the World
del Hoyo et al. Handbook of the Birds of
the World
del Hoyo et al. Handbook of the Birds of
the World
del Hoyo et al. Handbook of the Birds of
the World

Burleigh

Flightless by
observation of live
birds
Flightless by
observation of live
birds
Flightless by
observation of live
birds
Flightless by
observation of live
birds
Flightless by
observation of live
birds
Flightless by
observation of live
birds
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Gallirallus wakensis

Gallirallus modestus

Gallirallus dieffenbachii

Gallirallus calayensis

Fulica gigantea

Porphyrio mantelli

taxon

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

family

~1773-1844

~1939

~1900

~1900

extant

extant

extant

most recent
occurrence

Table S3 continued:

Gallirallus pacificus

notes
Flightless by
observation of live
birds
Adults appear to be
flightless
Flightless based on
reduced keel and
pectoralis
Flightless by
observation of live
birds
Flightless by
observation of live
birds
Flightless by
observation of live
birds
described from
notes from Foster
on Cook's
expedition
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Allen et al. 2004

Fjeldsa 1981

citations
del Hoyo et al. Handbook of the
Birds of the World

0

0

1

1

0

0

0

1

0

0

0

0

0

1

0

1

1

1

1

1

1

1

Jetz +
Flightless

Trewick 1997

0

0

0

Jetz
All

Trewick 1997

0

0

Jetz
gene

Olson et al. 2011

0

Burleigh

IUCN Red List

Aphanapteryx
leguati

Aphanapteryx
bonasia

Porzana monasa

Porzana
sandwichensis

Porzana palmeri

Atlantisia elpenor

taxon

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

family

1930

1730

1875

1858

1864

1944

1656

most recent
occurrence

Table S3 continued:

Porphyrio alba

notes
Flightless by
observation of live
birds
Flightless by
observation of live
birds
Flightless by
observation of live
birds
Flightless by
observation of live
birds
Flightless by
observation of live
birds
Flightless by
observation of live
birds
Mayr notes that
natives used fences
to effectively keep
this species out of
gardens
Slikas et al. 2002

Olson 1973

0

0

0

0

0

0

0

0

0

0

0

0

1

1

1

1

1

1

Jetz +
Flightless

Slikas et al. 2003,
Stresemann 1950

0

0

0

1

Jetz
All

Slikas et al. 2004

0

0

0

Jetz
gene

Cheke 2006

0

0

Burleigh

Dodman 2007

0

citations

van Grouw and Hume
2016
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Nesoclopeus
poecilopterus

Porzana
astrictocarpus

Atlantisia
podarcus

Dryolimnas
cuvieri abbotti

taxon

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

family

<14,000yBP

~1883 (listed
as 1973 in
BBOC)

extinct

1656

1905-1937

most recent
occurrence

Table S3 continued:

Capellirallus
karamu

notes
Nicoll states "I
believe it can fly,
though I have never
seen it do so", and
subsequent authors
treat the bird as
flightless
Olson states in
description that it
was flightless but
does not give reason
beyond body size
and wing shape
Olson states this bird
was "'Also quite
flightless"
Collected in life and
referred to as
flightless, but no
information as to
why
"had wings
proportionally
smaller than any
known rail"

0

0

0

0

0

0

1

1

1

1

Jetz +
Flightless

0

0

0

1

Jetz
All

Wanless 2008,
Nicoll 1906

0

0

0

Jetz
gene

Dodman 2008,
Olson 1977

0

0

Burleigh

Olson 1973

0

citations

Hays 2007
Falla 1954,
Worthy 1984,
Trewick 1997,
Millener 1991
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Nesotrochis
picapicensis

Nesotrochis
debooyi
Nesotrochis
steganinos

Hovacrex roberti

Vitirallus watlingi

taxon

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

family

Quaternary
"from
apparently
holocene
deposits"

subfossils

"found in
deposits
apparently
quite
modern"

late
Pleistocene

extinct

most recent
occurrence

Table S3 continued:

Porhpyrio
kukwiedei

notes
reduced wing and
pectoral girdle
elements
Flight unclear - no
wing elements but
large size and robust
leg elements suggest
flightlessness
Reduced humerus
size and "crest for
attachment of flying
muscle" taken as
evidence of
flightlessness
Olson(1974) states
that it was flightless
Flightless based on
small wing elements,
similar to debooyi
but smaller
flightless based on
highly reduced wing
and pectoral girdle
elements
Worthy 2004

0

0

0

0

0

0

0

0

0

1

1

1

1

1

Jetz +
Flightless

Hume and
Walters. 2012

0

0

0

1

Jetz
All

Wetmore 1938

0

0

0

Jetz
gene

Olson 1974

0

0

Burleigh

Olson 1978

0

citations

Balouet and
Olson 1989
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Gallirallus
gracilitibia

Gallirallus
epulare

Porphyrio
paepae

Porphyrio
mcnabi

taxon

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

family

Table S3 continued:

Gallirallus
huiatua

most recent
occurrence

<750 yBP
Dubious painting from
1902 - though
described from
archaeological site
(lowest cultural levels
1500-800 yBP) and
certainly holocene
"Late Holocene" posited to have been
driven to extinction by
Polynesian settlers
"Late Holocene" posited to have been
driven to extinction by
Polynesian settlers
radio-carbon dated
between 3500-5300
yBP; associated bones
corraborate prePolynesian age

Kirchman and
Steadman 2006

0

0

0

0

0

0

0

0

0

1

1

1

1

1

Jetz +
Flightless

notes
flightlessness based
on morphometric
comparison with
other flightless rails

Steadman 1988

0

0

0

Jetz
All

"Somewhat reduced
power of flight, yet
probably was not
flightless" OMIT?

Kirchman and
Steadman 2007

0

0

Jetz
gene

flightless based on
ratio of wing to hind
limb elements

Kirchman and
Steadman 2007

0

Burleigh

flightless based on
ratio of wing to hind
limb elements

Steadman et al.
2000

citations

Flightlessness based
on ratio of Ulna to
femur
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Gallirallus
vekamatolu

Gallirallus
storrsolsoni

Gallirallus roletti

Gallirallus ripleyi

taxon

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

family

extinct

extinct

extinct

subfossils from
cultural sites

extinct

"Late Holocene"
- posited to have
been driven to
extinction by
Polynesian
settlers

late holocene

most recent
occurrence

Table S3 continued:

Gallirallus pisonii
Gallirallus
pendiculentus
Gallirallus
temptatus

notes
Flighlessness based
on small pectoral
elements
evidence for
flightlessnesss based
on small coracoid
and open, flattened
scapular similar to
other flightless
gallirallus
flightlessness base
on straight and
flattened ulna, wing
and pectoral
elements reduced
flightless based on
ratio of wing to hind
limb elements
flightless based on
skeletal structure
flightless based on
skeletal structure
flightless based on
skeletal structure

0

0

0

0

0

0

0

0

0

0

0

0

1

1

1

1

1

1

Jetz +
Flightless

0

0

0

1

Jetz
All

Steadman 1987

0

0

0

Jetz
gene

Kirchman and
Steadman 2007

0

0

Burleigh

Kirchman and
Steadman 2006

0

citations

Kirchman and
Steadman 2005
Kirchman and
Steadman 2006
Kirchman and
Steadman 2006
Kirchman and
Steadman 2006
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Porzana rua

Porzana
severnsi

Porzana
ralphorum

taxon
Gallirallus
ernstmayri

Rallidae

Rallidae

Rallidae

Rallidae

Rallidae

family

"Had not Homo
sapiens arrived on
these islands Ñ these
birds would still be
alive today"

"Had not Homo
sapiens arrived on
these islands Ñ these
birds would still be
alive today"
late holocene - may
persist according to
locals

"Radiocarbon dates fall
in latter half of
Holocene"

extinct

most recent
occurrence

Table S3 continued:

Porzana
menehune

notes
flightless based on
skeletal structure
Authors simply state
that it was flightless
- though figure
shows small wing
elements
comparable to other
flightless species
flightless based on
highly reduced wing
and pectoral girdle
elements, with
sternum "extremely
degenerate"
Flightlessness based
on small pectoral
elements
Authors simply state
that it was flightless
- though figure
shows small wing
elements
comparable to other
flightless species
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citations
Kirchman and
Steadman 2006

0

0

0

0

0

0

0

0

0

1

1

1

1

1

Jetz +
Flightless

Olson and
James 1991

0

0

0

Jetz
All

Olson and
James 1991

0

0

Jetz
gene

Steadman 1987

0

Burleigh

Olson and
James 1991

Porzana
keplerorum

Porzana ziegleri

taxon

Sylviornit
hidae

Rallidae

Rallidae

family

"Had not Homo
sapiens arrived on
these islands Ñ these
birds would still be
alive today"

~1500 BC

"Had not Homo
sapiens arrived on
these islands these
birds would still be
alive today"
"Had not Homo
sapiens arrived on
these islands Ñ these
birds would still be
alive today"

Table S3 continued:

Sylviornis
neocaledoniae

Threskior
nithidae

most recent
occurrence

Apteribis brevis

0

0

0

0

0

0

1

0

1

1

Jetz +
Flightless

0

0

0

Jetz
All

Olson and
James
1991

0

0

Jetz
gene

Olson and
James
1991
Balouet
and Olson
1989

0

Burleigh

notes
called flightless in
James 1987, Olson
and James 1991
state that it is
"extremely similar in
size and morphology
to P. keplerorum Ñ
wing elements
markedly less
reduced"

Olson and
James
1991

citations

sternum is "clearly
from a completely
flightless bird"
Omitted due to
phylogenetic
uncertainty
Authors simply state
that it was flightless
- though figure
shows highly
reduced keel to
sternum
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0

0

0

0

0

1

0

0

0

1

1

1

1

Table S3 continued:

Olson and
James 1991
Olson and
Steadman
1977, Olson
and Steadman
1979, Longrich
and Olson
2011

0

0

Jetz +
Flightless

family

most recent
occurrence
"Had not Homo
sapiens arrived on
these islands
these birds would
still be alive
today"

Olson 1975

0

Jetz
All

Threskiornithi
dae

"Quaternary
deposit"

Longrich and Olson
posit unique wings
used for combat
Flightless due to
reduced wing area
compared to body
mass

0

Jetz
gene

taxon

Threskiornithi
dae

~1502

Steadman et al. 2015

Burleigh

Apteribis glenos

Upupidae

~1,000 yBC

citations

Xenicibis xympithecus

Rallidae

notes
Authors simply state
that it was flightless
- though figure
shows highly
reduced keel to
sternum

Upupa antaios
Undescribed Large
Abaco Flightless Rail

123

Table S4: Taxa of birds that undergo a simultaneous wing molt, resulting in an
obligate flightless period during molt each
annual cycle. This strategy has arisen independently multiple times, and in this
manuscript I suggest it has evolved through heterochrony, through the retention of
the universal juvenile simultaneous wing molt into adult cycles.

taxon

family

most
recent
occurrence notes

Anseriformes

Anatidae,
Anseridae

extant

Gaviidae

Gaviidae

extant

Podicipedidae

Podicipedidae

extant

Anhingidae
Alle alle
Uria aalga
Uria lomvia
Alca torda

Anhingidae
Alcidae
Alcidae
Alcidae
Alcidae

extant
extant
extant
extant
extant
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citations
Howell 2010,
Rowher and
Rickleffs 2009
Woolfenden
1967, Pyle 2008,
Howell 2010,
Rohwer and
Rickleffs 2009
Pyle 2008,
Howell 2010,
Rohwer and
Rickleffs 2009
Bridge 2006,
Owre 1967
Pyle 2009
Pyle 2009
Pyle 2009
Pyle 2009

Table S4 Continued:
taxon

family

most
recent
occurrence notes

Cepphus grylle

Alcidae

extant

Cepphus columba
Cepphus carbo
Aethia psittacula
Cerorhinca
monocerata

Alcidae
Alcidae
Alcidae

extant
extant
extant

citations
Ewins 1988, Pyle
2009
Ewins 1988, Pyle
2009
Pyle 2009
Pyle 2009

Alcidae

extant

Pyle 2009

Fratercula arctica
Fratercula
corniculata

Alcidae

extant

Alcidae

extant

Fratercula cirrhata Alcidae

extant

Pelecanoididae

Pelecanoididae

extant

Rallidae

Rallidae

extant
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Many large alcids
not perfectly
simultaneous, - but
are included
because they
undergo a flightless
period during molt which counts in this
context

SY sequential, ASY
simultaneous
Unclear - at least
adult urinatrix has
sequential molt, lit
is unclear on the
rest, Stresemann
lists as
simultaneous, but
this may be from
inspection of few
juvenile specimens

Pyle 2009
Pyle 2009
Thompson et al
2004, Howell
2010

Bridge 2006,
Marhcant and
Higgins 1990
Pyle 2008,
Howell 2010

Table S4 Continued:
taxon

Gruidae excluding
Balearica and G.
virgo

family

Gruidae

most
recent
occurrence notes
Stresemann list all
but Balearica and
Anthropoides virgo
as simultaneous;
Pyle notes Grus
canadensis
complicated simultaneous in
migratory pops,
staffelmauser in
extant
sedentary pops

Phoenicopteridae
Heliornis
Jacana

Phoenicopteridae extant
Heliornithidae
extant
Jacanidae
extant

Bucerotidae

Bucerotidae

extant

126

Facultatievly
sequential in at
least minor and
ruber
Not included - only
females in nest
cavity undergo
simultaneous molt,
and do not forage
or evade predators
while molting

citations

Pyle 2008,
Stresemann
1966
Studer-Thiersch
2000, Sileo et al
1977,
Stresemann
1966
Stresemann1966
Stresemann1966

Stresemann1966

APPENDIX B: SUPPLEMENTARY MATERIAL TO CHAPTER 3
Figure S1: Correlated evolution of feather tracts for molts and dichromatism. Each
cell corresponds to a phylogenetic controlled correlation coefficient, and only
significant (p<.05) relationships are shown
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Figure S2: Proposed models, depicted as acyclic directional graphs for interactions between molts and life history traits, and
information theory rankings for each model.
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Teretistris fernandinae
Zeledonia coronata
Xenoligea montana
Microligea palustris
Icteria virens
Seiurus aurocapilla
Helmitheros vermivorus
Parkesia noveboracensis
Parkesia motacilla
Mniotilta varia
Limnothlypis swainsonii
Protonotaria citrea
Vermivora bachmanii
Vermivora pinus
Vermivora chrysoptera
Oreothlypis gutturalis
Oreothlypis superciliosa
Oreothlypis peregrina
Oreothlypis celata
Oreothlypis crissalis
Oreothlypis luciae
Oreothlypis virginiae
Oreothlypis ruficapilla
Geothlypis agilis
Geothlypis philadelphia
Geothlypis tolmiei
Geothlypis aequinoctialis
Geothlypis poliocephala
Geothlypis formosus
Geothlypis speciosa
Geothlypis semiflava
Geothlypis beldingi
Geothlypis rostrata
Geothlypis trichas
Geothlypis nelsoni
Setophaga bishopi
Setophaga plumbea
Setophaga pharetra
Setophaga angelae
Setophaga citrina
Setophaga ruticilla
Setophaga kirtlandii
Setophaga tigrina
Setophaga cerulea
Setophaga pitiayumi
Setophaga americana
Setophaga magnolia
Setophaga fusca
Setophaga castanea
Setophaga petechia
Setophaga striata
Setophaga pensylvanica
Setophaga caerulescens
Setophaga palmarum
Setophaga dominica
Setophaga coronata
Setophaga pinus
Setophaga pityophila
Setophaga discolor
Setophaga vitellina
Setophaga adelaidae
Setophaga delicata
Setophaga subita
Setophaga nigrescens
Setophaga graciae
Setophaga virens
Setophaga chrysoparia
Setophaga occidentalis
Setophaga townsendi
Myiothlypis roraimae
Myiothlypis bivittatus
Myiothlypis chrysogaster
Myiothlypis cinereicollis
Myiothlypis conspicillatus
Myiothlypis fraseri
Myiothlypis coronatus 1
Myiothlypis luteoviridis
Myiothlypis leucophrys
Myiothlypis leucoblepharus
Myiothlypis flaveolus
Myiothlypis rivularis
Myiothlypis fulvicauda
Myiothlypis nigrocristatus
Myiothlypis signatus
Basileuterus lachrymosa
Basileuterus rufifrons
Basileuterus belli
Basileuterus melanogenys
Basileuterus tristriatus
Basileuterus trifasciatus
Basileuterus culicivorus
Basileuterus hypoleucus
Cardellina canadensis
Cardellina pusilla
Cardellina rubrifrons
Cardellina versicolor
Cardellina ruber
Myioborus pictus
Myioborus miniatus
Myioborus brunniceps 1
Myioborus flavivertex
Myioborus albifrons
Myioborus melanocephalus
Myioborus ornatus
Myioborus torquatus
Myioborus pariae
Myioborus albifacies
Myioborus cardonai
Myioborus castaneocapilla
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Teretistris fernandinae
Zeledonia coronata
Xenoligea montana
Microligea palustris
Icteria virens
Seiurus aurocapilla
Helmitheros vermivorus
Parkesia noveboracensis
Parkesia motacilla
Mniotilta varia
Limnothlypis swainsonii
Protonotaria citrea
Vermivora bachmanii
Vermivora pinus
Vermivora chrysoptera
Oreothlypis gutturalis
Oreothlypis superciliosa
Oreothlypis peregrina
Oreothlypis celata
Oreothlypis crissalis
Oreothlypis luciae
Oreothlypis virginiae
Oreothlypis ruficapilla
Geothlypis agilis
Geothlypis philadelphia
Geothlypis tolmiei
Geothlypis aequinoctialis
Geothlypis poliocephala
Geothlypis formosus
Geothlypis speciosa
Geothlypis semiflava
Geothlypis beldingi
Geothlypis rostrata
Geothlypis trichas
Geothlypis nelsoni
Setophaga bishopi
Setophaga plumbea
Setophaga pharetra
Setophaga angelae
Setophaga citrina
Setophaga ruticilla
Setophaga kirtlandii
Setophaga tigrina
Setophaga cerulea
Setophaga pitiayumi
Setophaga americana
Setophaga magnolia
Setophaga fusca
Setophaga castanea
Setophaga petechia
Setophaga striata
Setophaga pensylvanica
Setophaga caerulescens
Setophaga palmarum
Setophaga dominica
Setophaga coronata
Setophaga pinus
Setophaga pityophila
Setophaga discolor
Setophaga vitellina
Setophaga adelaidae
Setophaga delicata
Setophaga subita
Setophaga nigrescens
Setophaga graciae
Setophaga virens
Setophaga chrysoparia
Setophaga occidentalis
Setophaga townsendi
Myiothlypis roraimae
Myiothlypis bivittatus
Myiothlypis chrysogaster
Myiothlypis cinereicollis
Myiothlypis conspicillatus
Myiothlypis fraseri
Myiothlypis coronatus 1
Myiothlypis luteoviridis
Myiothlypis leucophrys
Myiothlypis leucoblepharus
Myiothlypis flaveolus
Myiothlypis rivularis
Myiothlypis fulvicauda
Myiothlypis nigrocristatus
Myiothlypis signatus
Basileuterus lachrymosa
Basileuterus rufifrons
Basileuterus belli
Basileuterus melanogenys
Basileuterus tristriatus
Basileuterus trifasciatus
Basileuterus culicivorus
Basileuterus hypoleucus
Cardellina canadensis
Cardellina pusilla
Cardellina rubrifrons
Cardellina versicolor
Cardellina ruber
Myioborus pictus
Myioborus miniatus
Myioborus brunniceps 1
Myioborus flavivertex
Myioborus albifrons
Myioborus melanocephalus
Myioborus ornatus
Myioborus torquatus
Myioborus pariae
Myioborus albifacies
Myioborus cardonai
Myioborus castaneocapilla

●
●
●
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Seiurus aurocapilla
Helmitheros vermivorus
Parkesia noveboracensis
Parkesia motacilla
Mniotilta varia
Limnothlypis swainsonii
Protonotaria citrea
Vermivora pinus
Vermivora chrysoptera
Oreothlypis gutturalis
Oreothlypis superciliosa
Oreothlypis peregrina
Oreothlypis celata
Oreothlypis crissalis
Oreothlypis luciae
Oreothlypis virginiae
Oreothlypis ruficapilla
Geothlypis agilis
Geothlypis philadelphia
Geothlypis tolmiei
Geothlypis aequinoctialis
Geothlypis poliocephala
Geothlypis formosus
Geothlypis speciosa
Geothlypis semiflava
Geothlypis beldingi
Geothlypis rostrata
Geothlypis trichas
Geothlypis nelsoni
Setophaga bishopi
Setophaga plumbea
Setophaga pharetra
Setophaga angelae
Setophaga citrina
Setophaga ruticilla
Setophaga kirtlandii
Setophaga tigrina
Setophaga cerulea
Setophaga pitiayumi
Setophaga americana
Setophaga magnolia
Setophaga fusca
Setophaga castanea
Setophaga petechia
Setophaga striata
Setophaga pensylvanica
Setophaga caerulescens
Setophaga palmarum
Setophaga dominica
Setophaga coronata
Setophaga pinus
Setophaga pityophila
Setophaga discolor
Setophaga vitellina
Setophaga adelaidae
Setophaga delicata
Setophaga subita
Setophaga nigrescens
Setophaga graciae
Setophaga virens
Setophaga chrysoparia
Setophaga occidentalis
Setophaga townsendi
Myiothlypis bivittatus
Myiothlypis chrysogaster
Myiothlypis cinereicollis
Myiothlypis conspicillatus
Myiothlypis fraseri
Myiothlypis coronatus 1
Myiothlypis luteoviridis
Myiothlypis leucophrys
Myiothlypis leucoblepharus
Myiothlypis flaveolus
Myiothlypis rivularis
Myiothlypis fulvicauda
Myiothlypis nigrocristatus
Myiothlypis signatus
Basileuterus lachrymosa
Basileuterus rufifrons
Basileuterus belli
Basileuterus melanogenys
Basileuterus tristriatus
Basileuterus trifasciatus
Basileuterus culicivorus
Cardellina canadensis
Cardellina pusilla
Cardellina rubrifrons
Cardellina versicolor
Cardellina ruber
Myioborus pictus
Myioborus miniatus
Myioborus brunniceps 1
Myioborus flavivertex
Myioborus melanocephalus
Myioborus ornatus
Myioborus torquatus
Myioborus castaneocapilla
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Oreothlypis crissalis
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Geothlypis poliocephala

Setophaga pinus

Setophaga graciae

Setophaga nigrescens

Setophaga discolor

Setophaga occidentalis

Setophaga chrysoparia

Setophaga virens

Basileuterus belli

Basileuterus rufifrons

Setophaga townsendi

Cardellina canadensis
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Helmitheros vermivorus

Seiurus aurocapilla

Parkesia motacilla

Parkesia noveboracensis

Protonotaria citrea

Limnothlypis swainsonii

Mniotilta varia

Oreothlypis peregrina

Vermivora chrysoptera

●
●
●
●

Vermivora bachmanii

Oreothlypis crissalis

Oreothlypis celata

Oreothlypis ruficapilla

Oreothlypis virginiae

Oreothlypis luciae

Geothlypis tolmiei

Geothlypis philadelphia

Geothlypis agilis

Geothlypis formosus

Geothlypis poliocephala

Setophaga ruticilla

Setophaga citrina

Geothlypis trichas

Setophaga cerulea

Setophaga tigrina

Setophaga kirtlandii

Setophaga americana

Setophaga pitiayumi

Setophaga castanea

Setophaga fusca

Setophaga magnolia

Setophaga pensylvanica

Setophaga striata

Setophaga petechia

Setophaga palmarum

Setophaga caerulescens

Setophaga pinus

Setophaga coronata

Setophaga dominica

Setophaga graciae

Setophaga nigrescens

Setophaga discolor

Setophaga chrysoparia

Setophaga virens

Basileuterus rufifrons

Setophaga townsendi

Setophaga occidentalis

Cardellina rubrifrons

Cardellina pusilla

Cardellina canadensis

Myioborus pictus

Seiurus aurocapilla
Helmitheros vermivorus

Myioborus pictus

Cardellina rubrifrons

Cardellina pusilla

Cardellina canadensis

Basileuterus belli

Basileuterus rufifrons

Setophaga townsendi

Setophaga occidentalis

Setophaga chrysoparia

Setophaga virens

Setophaga graciae

Setophaga nigrescens

Setophaga discolor

Setophaga pinus

Setophaga coronata

Setophaga dominica

Setophaga palmarum

Setophaga caerulescens

Setophaga pensylvanica

Setophaga striata

Setophaga petechia

Setophaga castanea

●

Setophaga fusca

Setophaga magnolia

Setophaga americana

Setophaga pitiayumi

Setophaga cerulea

Setophaga tigrina

Setophaga kirtlandii

Setophaga ruticilla

Setophaga citrina

Geothlypis trichas

Geothlypis rostrata

●

Geothlypis formosus

Geothlypis poliocephala

Geothlypis tolmiei

Geothlypis philadelphia

Geothlypis agilis

Oreothlypis ruficapilla

Oreothlypis virginiae

Oreothlypis luciae

Oreothlypis crissalis

Oreothlypis celata

Oreothlypis peregrina

Oreothlypis superciliosa

Vermivora chrysoptera

Vermivora bachmanii

Protonotaria citrea

Limnothlypis swainsonii

Mniotilta varia

Parkesia motacilla

Parkesia noveboracensis
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Seiurus aurocapilla

Parkesia motacilla

Parkesia noveboracensis

Helmitheros vermivorus

Protonotaria citrea

Limnothlypis swainsonii

Mniotilta varia

●
●

Vermivora chrysoptera

Vermivora bachmanii

Oreothlypis crissalis

Oreothlypis celata

Oreothlypis peregrina

Oreothlypis ruficapilla

Oreothlypis virginiae

Oreothlypis luciae

Geothlypis philadelphia

Geothlypis agilis

Geothlypis formosus

●

Geothlypis poliocephala

Geothlypis tolmiei

Setophaga ruticilla

Setophaga citrina

Geothlypis trichas

Setophaga tigrina

Setophaga kirtlandii

Setophaga americana

Setophaga pitiayumi

Setophaga cerulea

Setophaga castanea

Setophaga fusca

Setophaga magnolia

Setophaga striata

Setophaga petechia

Setophaga palmarum

●

Setophaga caerulescens

Setophaga pensylvanica

Setophaga pinus

Setophaga coronata

Setophaga dominica

Setophaga nigrescens

Setophaga discolor

Setophaga chrysoparia

Setophaga virens

Setophaga graciae

●
Basileuterus rufifrons

Setophaga townsendi

Setophaga occidentalis

Cardellina pusilla

Cardellina canadensis

1

●
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● ●
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Myioborus pictus

Cardellina rubrifrons

Parkesia noveboracensis

Helmitheros vermivorus

Seiurus aurocapilla

Limnothlypis swainsonii

Mniotilta varia

Parkesia motacilla

Vermivora chrysoptera

Vermivora bachmanii

Protonotaria citrea

Oreothlypis peregrina

Oreothlypis superciliosa

Myioborus pictus

Cardellina rubrifrons

Cardellina pusilla

Cardellina canadensis

Basileuterus belli

Basileuterus rufifrons

Setophaga townsendi

Setophaga occidentalis

Setophaga chrysoparia

Setophaga virens

Setophaga graciae

Setophaga nigrescens

Setophaga discolor

Setophaga pinus

Setophaga coronata

Setophaga dominica

Setophaga palmarum

Setophaga caerulescens

Setophaga pensylvanica

Setophaga striata

Setophaga petechia

Setophaga castanea

Setophaga fusca

Setophaga magnolia

Setophaga americana

Setophaga pitiayumi

Setophaga cerulea

Setophaga tigrina

Setophaga kirtlandii

Setophaga ruticilla

Setophaga citrina

Geothlypis trichas

Geothlypis rostrata

Geothlypis formosus

Geothlypis poliocephala

Geothlypis tolmiei

Geothlypis philadelphia

Geothlypis agilis

Oreothlypis ruficapilla

Oreothlypis virginiae

Oreothlypis luciae

Oreothlypis crissalis
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Oreothlypis celata
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Cardellina pusilla
Seiurus aurocapilla
Cardellina rubrifrons
Helmitheros vermivorus
Parkesia noveboracensis
Myioborus pictus
Parkesia motacilla
Mniotilta varia
Limnothlypis swainsonii
Protonotaria citrea
Vermivora pinus
Vermivora chrysoptera
Oreothlypis gutturalis
Oreothlypis superciliosa
Oreothlypis peregrina
Oreothlypis celata
Oreothlypis crissalis
Oreothlypis luciae
Oreothlypis virginiae
Oreothlypis ruficapilla
Geothlypis agilis
Geothlypis philadelphia
Geothlypis tolmiei
Geothlypis aequinoctialis
Geothlypis poliocephala
Geothlypis formosus
Geothlypis speciosa
Geothlypis semiflava
Geothlypis beldingi
Geothlypis rostrata
Geothlypis trichas
Geothlypis nelsoni
Setophaga bishopi
Setophaga plumbea
Setophaga pharetra
Setophaga angelae
Setophaga citrina
Setophaga ruticilla
Setophaga kirtlandii
Setophaga tigrina
Setophaga cerulea
Setophaga pitiayumi
Setophaga americana
Setophaga magnolia
Setophaga fusca
Setophaga castanea
Setophaga petechia
Setophaga striata
Setophaga pensylvanica
Setophaga caerulescens
Setophaga palmarum
Setophaga dominica
Setophaga coronata
Setophaga pinus
Setophaga pityophila
Setophaga discolor
Setophaga vitellina
Setophaga adelaidae
Setophaga delicata
Setophaga subita
Setophaga nigrescens
Setophaga graciae
Setophaga virens
Setophaga chrysoparia
Setophaga occidentalis
Setophaga townsendi
Myiothlypis bivittatus
Myiothlypis chrysogaster
Myiothlypis cinereicollis
Myiothlypis conspicillatus
Myiothlypis fraseri
Myiothlypis coronatus 1
Myiothlypis luteoviridis
Myiothlypis leucophrys
Myiothlypis leucoblepharus
Myiothlypis flaveolus
Myiothlypis rivularis
Myiothlypis fulvicauda
Myiothlypis nigrocristatus
Myiothlypis signatus
Basileuterus lachrymosa
Basileuterus rufifrons
Basileuterus belli
Basileuterus melanogenys
Basileuterus tristriatus
Basileuterus trifasciatus
Basileuterus culicivorus
Cardellina canadensis
Cardellina pusilla
Cardellina rubrifrons
Cardellina versicolor
Cardellina ruber
Myioborus pictus
Myioborus miniatus
Myioborus brunniceps 1
Myioborus flavivertex
Myioborus melanocephalus
Myioborus ornatus
Myioborus torquatus
Myioborus castaneocapilla
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length=0.437
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Teretistris fernandinae
Cardellina rubrifrons
Zeledonia coronata
Xenoligea montana
Myioborus pictus
Microligea palustris
Icteria virens
Seiurus aurocapilla
Helmitheros vermivorus
Parkesia noveboracensis
Parkesia motacilla
Mniotilta varia
Limnothlypis swainsonii
Protonotaria citrea
Vermivora bachmanii
Vermivora pinus
Vermivora chrysoptera
Oreothlypis gutturalis
Oreothlypis superciliosa
Oreothlypis peregrina
Oreothlypis celata
Oreothlypis crissalis
Oreothlypis luciae
Oreothlypis virginiae
Oreothlypis ruficapilla
Geothlypis agilis
Geothlypis philadelphia
Geothlypis tolmiei
Geothlypis aequinoctialis
Geothlypis poliocephala
Geothlypis formosus
Seiurus aurocapilla
Geothlypis speciosa
Geothlypis semiflava
Helmitheros Geothlypis
vermivorus beldingi
Geothlypis rostrata
Geothlypis trichas
Parkesia noveboracensis
Geothlypis nelsoni
Setophaga bishopi
Parkesia motacilla
Setophaga plumbea
Setophaga pharetra
Mniotilta varia
Setophaga angelae
LimnothlypisSetophaga
swainsonii citrina
Setophaga ruticilla
kirtlandii
Protonotaria Setophaga
citrea
Setophaga tigrina
Setophaga cerulea
Vermivora bachmanii
Setophaga pitiayumi
Setophaga americana
Vermivora chrysoptera
Setophaga magnolia
Setophaga fusca
Oreothlypis superciliosa
Setophaga castanea
Setophaga petechia
Oreothlypis peregrina
Setophaga striata
Setophaga pensylvanica
Oreothlypis celata
Setophaga caerulescens
Setophaga palmarum
Oreothlypis crissalis
Setophaga dominica
Setophaga coronata
Oreothlypis luciae
Setophaga pinus
Setophaga pityophila
Oreothlypis virginiae
Setophaga discolor
Setophaga vitellina
Oreothlypis ruficapilla
Setophaga adelaidae
Setophaga delicata
Geothlypis agilis
Setophaga subita
Setophaga nigrescens
Geothlypis philadelphia
Setophaga graciae
Setophaga virens
Geothlypis tolmiei
Setophaga chrysoparia
Setophaga occidentalis
Geothlypis poliocephala
Setophaga townsendi
Myiothlypis roraimae
Geothlypis formosus
Myiothlypis bivittatus
Myiothlypis chrysogaster
Geothlypis rostrata
Myiothlypis cinereicollis
Myiothlypis conspicillatus
Geothlypis trichas
Myiothlypis fraseri
Myiothlypis coronatus 1
Setophaga citrina
Myiothlypis luteoviridis
Myiothlypis leucophrys
Setophaga ruticilla
Myiothlypis leucoblepharus
Myiothlypis flaveolus
Setophaga kirtlandii
Myiothlypis rivularis
Myiothlypis fulvicauda
Setophaga tigrina
Myiothlypis nigrocristatus
Myiothlypis signatus
Setophaga cerulea
Basileuterus lachrymosa
Basileuterus rufifrons
Basileuterus belli
Setophaga pitiayumi
Basileuterus melanogenys
Basileuterus tristriatus
Setophaga americana
Basileuterus trifasciatus
Basileuterus culicivorus
Setophaga magnolia
Basileuterus hypoleucus
Cardellina canadensis
Setophaga fusca
Cardellina pusilla
Cardellina rubrifrons
Setophaga castanea
Cardellina versicolor
Cardellina ruber
Setophaga petechia
Myioborus pictus
Myioborus miniatus
Setophaga striata
Myioborus brunniceps 1
Myioborus flavivertex
Setophaga pensylvanica
Myioborus albifrons
Myioborus melanocephalus
Setophaga caerulescens
Myioborus ornatus
Myioborus torquatus
Setophaga palmarum
Myioborus pariae
Myioborus albifacies
Setophaga dominica
Myioborus cardonai
Myioborus castaneocapilla
Setophaga coronata

Cardellina pusilla

Cardellina canadensis

Basileuterus rufifrons

Setophaga townsendi

Setophaga occidentalis

Setophaga chrysoparia

Setophaga virens

Setophaga graciae

Setophaga nigrescens

Setophaga discolor

Setophaga pinus

Setophaga coronata

Setophaga dominica

Setophaga palmarum

Setophaga caerulescens

Setophaga pensylvanica

Setophaga striata

Setophaga petechia

Setophaga castanea

Setophaga fusca

Setophaga magnolia

Setophaga americana

Setophaga pitiayumi

Setophaga cerulea

Setophaga tigrina

Setophaga kirtlandii

Setophaga ruticilla

Setophaga citrina

Geothlypis trichas

Geothlypis formosus

●

Geothlypis tolmiei

Geothlypis philadelphia

Geothlypis agilis

Oreothlypis ruficapilla

Oreothlypis virginiae

Oreothlypis luciae

Oreothlypis crissalis

Oreothlypis celata

Oreothlypis peregrina
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Vermivora chrysoptera

Vermivora bachmanii

Protonotaria citrea

Limnothlypis swainsonii

Mniotilta varia

Parkesia motacilla

Parkesia noveboracensis

Helmitheros vermivorus

Seiurus aurocapilla
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Seiurus aurocapilla

Parkesia motacilla

Parkesia noveboracensis

Helmitheros vermivorus

Protonotaria citrea

Limnothlypis swainsonii

Mniotilta varia

Vermivora chrysoptera

Vermivora bachmanii

Oreothlypis celata

Oreothlypis peregrina

Oreothlypis ruficapilla

Oreothlypis virginiae

Oreothlypis luciae

Geothlypis philadelphia

Geothlypis agilis

Geothlypis formosus

Geothlypis poliocephala

Geothlypis tolmiei

Setophaga citrina

Geothlypis trichas

Setophaga tigrina

Setophaga kirtlandii

Setophaga ruticilla

Setophaga americana

Setophaga pitiayumi

Setophaga cerulea

Setophaga fusca

Setophaga magnolia

Setophaga striata

Setophaga petechia

Setophaga castanea

Setophaga palmarum

Setophaga caerulescens

Setophaga pensylvanica
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0
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Setophaga coronata

Setophaga dominica

Setophaga nigrescens

Setophaga discolor

Setophaga pinus

Setophaga chrysoparia

Setophaga virens

Setophaga graciae

Setophaga townsendi

Setophaga occidentalis

Cardellina pusilla

Cardellina canadensis

Basileuterus rufifrons

Cardellina rubrifrons
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Setophaga discolor

Myioborus pictus Teretistris fernandinae
Zeledonia coronata
Xenoligea montana
Microligea palustris
Icteria virens
Seiurus aurocapilla
Helmitheros vermivorus
Parkesia noveboracensis
Parkesia motacilla
Mniotilta varia
Limnothlypis swainsonii
Protonotaria citrea
Vermivora bachmanii
Vermivora pinus
Vermivora chrysoptera
Oreothlypis gutturalis
Oreothlypis superciliosa
Oreothlypis peregrina
Oreothlypis celata
Oreothlypis crissalis
Oreothlypis luciae
1
Oreothlypis
virginiae
Oreothlypis ruficapilla
Geothlypis agilis
Geothlypis philadelphia
Geothlypis tolmiei
Geothlypis aequinoctialis
Seiurus aurocapilla
Geothlypis poliocephala
Geothlypis formosus
Helmitheros vermivorus
Geothlypis speciosa
Geothlypis semiflava
Parkesia noveboracensis
Geothlypis beldingi
Parkesia motacilla Geothlypis rostrata
Geothlypis trichas
Geothlypis nelsoni
Mniotilta varia
Setophaga bishopi
Setophaga plumbea
Limnothlypis swainsonii
Setophaga pharetra
angelae
Protonotaria citrea Setophaga
Setophaga citrina
Setophaga ruticilla
Vermivora bachmanii
Setophaga kirtlandii
Setophaga tigrina
Vermivora chrysoptera
Setophaga cerulea
Setophaga pitiayumi
Oreothlypis superciliosa
Setophaga americana
Setophaga magnolia
Oreothlypis peregrina
Setophaga fusca
Setophaga castanea
Oreothlypis celata Setophaga petechia
Setophaga striata
Oreothlypis crissalis
Setophaga pensylvanica
Setophaga caerulescens
Oreothlypis luciae Setophaga palmarum
Setophaga dominica
Oreothlypis virginiae
Setophaga coronata
Setophaga pinus
Oreothlypis ruficapilla
Setophaga pityophila
Setophaga discolor
Geothlypis agilis
Setophaga vitellina
Setophaga adelaidae
Geothlypis philadelphia
Setophaga delicata
Setophaga subita
Geothlypis tolmiei Setophaga nigrescens
Setophaga graciae
Setophaga virens
Geothlypis poliocephala
Setophaga chrysoparia
Setophaga occidentalis
Geothlypis formosus
Setophaga townsendi
Geothlypis rostrataMyiothlypis roraimae
Myiothlypis bivittatus
Geothlypis trichas Myiothlypis chrysogaster
Myiothlypis cinereicollis
Setophaga citrina Myiothlypis conspicillatus
Myiothlypis fraseri
Setophaga ruticillaMyiothlypis coronatus 1
Myiothlypis luteoviridis
Myiothlypis leucophrys
Setophaga kirtlandii
Myiothlypis leucoblepharus
Setophaga tigrina Myiothlypis flaveolus
Myiothlypis rivularis
Setophaga ceruleaMyiothlypis fulvicauda
Myiothlypis nigrocristatus
Myiothlypis signatus
Setophaga pitiayumi
Basileuterus lachrymosa
Basileuterus rufifrons
Setophaga americana
Basileuterus belli
Basileuterus melanogenys
Setophaga magnolia
Basileuterus tristriatus
Basileuterus trifasciatus
Setophaga fusca Basileuterus culicivorus
Basileuterus hypoleucus
Setophaga castanea
Cardellina canadensis
Cardellina pusilla
Setophaga petechia
Cardellina rubrifrons
Cardellina versicolor
Setophaga striata Cardellina ruber
Myioborus pictus
Setophaga pensylvanica
Myioborus miniatus
Myioborus brunniceps 1
Setophaga caerulescens
Myioborus flavivertex
Myioborus albifrons
Setophaga palmarum
Myioborus melanocephalus
Myioborus ornatus
Setophaga dominica
Myioborus torquatus
Myioborus pariae
Setophaga coronata
Myioborus albifacies
Myioborus cardonai
Setophaga pinus Myioborus castaneocapilla

Setophaga virens

Setophaga graciae

Setophaga nigrescens

Setophaga townsendi

Setophaga occidentalis

Setophaga chrysoparia

Basileuterus belli

Basileuterus rufifrons

Cardellina rubrifrons

Cardellina pusilla

Cardellina canadensis

● ●
●●●

Seiurus aurocapilla
Helmitheros vermivorus
Parkesia noveboracensis
Parkesia motacilla
Mniotilta varia
Limnothlypis swainsonii
Protonotaria citrea
Vermivora pinus
Vermivora chrysoptera
Oreothlypis gutturalis
Oreothlypis superciliosa
Oreothlypis peregrina
Oreothlypis celata
Oreothlypis crissalis
Oreothlypis luciae
Oreothlypis virginiae
Oreothlypis ruficapilla
Geothlypis agilis
Geothlypis philadelphia
Geothlypis tolmiei
Geothlypis aequinoctialis
Geothlypis poliocephala
Geothlypis formosus
Geothlypis speciosa
Geothlypis semiflava
Geothlypis beldingi
Geothlypis rostrata
Geothlypis trichas
Geothlypis nelsoni
Setophaga bishopi
Setophaga plumbea
Setophaga pharetra
Setophaga angelae
Setophaga citrina
Setophaga ruticilla
Setophaga kirtlandii
Setophaga tigrina
Setophaga cerulea
Setophaga pitiayumi
Setophaga americana
Setophaga magnolia
Setophaga fusca
Setophaga castanea
Setophaga petechia
Setophaga striata
Setophaga pensylvanica
Setophaga caerulescens
Setophaga palmarum
Setophaga dominica
Setophaga coronata
Setophaga pinus
Setophaga pityophila
Setophaga discolor
Setophaga vitellina
Setophaga adelaidae
Setophaga delicata
Setophaga subita
Setophaga nigrescens
Setophaga graciae
Setophaga virens
Setophaga chrysoparia
Setophaga occidentalis
Setophaga townsendi
Myiothlypis bivittatus
Myiothlypis chrysogaster
Myiothlypis cinereicollis
Myiothlypis conspicillatus
Myiothlypis fraseri
Myiothlypis coronatus 1
Myiothlypis luteoviridis
Myiothlypis leucophrys
Myiothlypis leucoblepharus
Myiothlypis flaveolus
Myiothlypis rivularis
Myiothlypis fulvicauda
Myiothlypis nigrocristatus
Myiothlypis signatus
Basileuterus lachrymosa
Basileuterus rufifrons
Basileuterus belli
Basileuterus melanogenys
Basileuterus tristriatus
Basileuterus trifasciatus
Basileuterus culicivorus
Cardellina canadensis
Cardellina pusilla
Cardellina rubrifrons
Cardellina versicolor
Cardellina ruber
Myioborus pictus
Myioborus miniatus
Myioborus brunniceps 1
Myioborus flavivertex
Myioborus melanocephalus
Myioborus ornatus
Myioborus torquatus
Myioborus castaneocapilla

●
●
●
●
●
●
●
●● ●
●
●
●
●
●
●
● ●
●
●●●

Myioborus pictus

0.0 0.2 0.4 0.6 0.8 1.0

0

Pairwise comparisons of node states

0

PP(state=1)

length=0.437

PP(state=1)

length=0.437

129

1

0

0.0 0.2 0.4 0.6 0.8 1.0
0.0 0.2 0.4 0.6 0.8 1.0

PP(state=1)

length=0.5

PP(state=1)

length=0.437

0

Figure S3: Pairwise comparisons of node states, inferred from 10,000 stochastic characters maps. The location of the root
states in relationship to a 1:1 ratio (dashed lines) provides evidence for temporal relationships between each variable
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Table S1: Rates of evolution and model choice for molts and dichromatism. I found that prealternate molt showed higher rates
of evolution than preformative molt and seasonal dichromatism, and sexual dichromatism showed very high rates of
evolution, but with very high standard deviation.
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Table S2: Phylogenetic signal of molts and dichromatism estimated using Pagel’s Lambda. I did not estimate phylogenetic
signal for presence of preformative molt, because it is present in all species evaluated.
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Figure S4-7:Correlation coefficients for molts and dichromatism by feather region,
filtered for a probability of <.05. Each square represents the strength of the
coefficient. I used these coefficients, along with autocorrelation of variables to build
mixed models and path models for phylogenetic analysis.
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Figure S5: Preformative molt correlation coefficients
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Figure S6: Sexual dichromatism correlation coefficients
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Figure S7: Seasonal dichromatism correlation coefficients
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APPENDIX C: SUPPLEMENTARY MATERIAL TO CHAPTER 4
Figure S1: Effect of age on feather growth rates in three species. Only Zonotrichia
capenis showed a small, significant difference between juvenile (j) and adult (a)
rectrices

Cyclarhis gujanensis

Taraba major

Zonotrichia capensis

3.5

growth

3.0

2.5

2.0

1.5
a

j

a

j

age

136

a

j

Figure S2: Rectrix growth rates vs mass in two species with large sample sizes of
body mass. Within species, neither show a relationship between body mass and
feather growth rate
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Figure S3: The relationship between mean body mass (by species) and individual
feather growth rates in nine species of Neotropical birds. When log corrected for
allometry, body mass strongly predicts feather growth rates between species
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